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ABSTRACT
\O(

'The reuse capabilities of coated columbium were investigated. The
investigation included: (1) the establishment of baseline coating perfor-
mance and mechanical properties; (2) the effects of design on the perfor-
mance of coating eofumbium; (3) the effects of local coating damage; and
(L) the effects of multiple reentry flights on the coating emittance.

r I, LA
The coating used was Sylvania's R-512E and the columbium alloy used
was Cb-752. The selected time, temperature, pressure and stress relation-
ships which constitute the test conditions for practically all of the test-
ing performed do not represent a specific vehicle; however, the conditions
are representative of classes of high L/D reentry vehicles and missions,
which makes the evaluation meaningful.

The major observation from the mechanical property tests was that
the R-512E coating has no significant adverse effect on the properties of
the Cb-752 base metal. * Basic oxidation tests were conducted with results
from each substantiating good coating reproducibility.

The coated columbium heat shield specimens proved to have an exten-
sive reuse capability of greater than 100 flights./, The effects of design
on reuse are directly related to the pressure environment. Designs contain-
ing faying surfaces were intolerant tc pressure environments representative
of external vehicle pressures. Under the test conditions of this program,
reuse was limited by creep deformation and not coating failure.

The structural integrity of coated columbium is very tolerant of the
local absence of coating.

Using an integral cavity specimen and the temperature-pressure
conditions defined in this program, the total normal emittance of R-512E
coated Cb-752 at 2400°F was found to decrease from approximately 0.85 to
0.75 after exposure to 20 simulated reentries. A modified R-512F coating
with a higher chromium and iron content maintained an emittance of 0.85
or higher.
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SECTION I
INTRODUCTION

The fused slurry silicide coatings developed by the Sylvania High
Temperature Composites Laboratory under an Air Force-sponsored program are
proving to be the best and most useful coating systems developed. "
to date. For coated columbium, long and reproducible coating iives have
been obtained in static, reduced pressure and slow cyclic testing. Because
the coating is formed from a chemically agressive molten phase, it
has a high potential for the reproducible coating of complex
parts containing faying surfaces and areas of limited access.

The purpose of this program was the evaulation of Sylvania's
fused slurry silicide coating at representative reentry and hypersonic cruise
flight conditions.

The major considerations for the evaluation were:

(1) The selection, design and fabrication of test specimens
that were truly representative of coated refractory metal heat shields.

(2) The simulation of the important environmental flight
conditions simultaneously during the testing phases.

The test specimens were fabricated and coated by the best possible
techniques within the state-of-the-art to assure the most accurate results
and conclusions.

The most important environmental conditions were temperature, air
pressure, stress or load factors, and time. Simultaneous simulation of
these conditions appeared particularly important for meaningful testing in
cases where coated joints and faying surfaces are "worked" as the structure
is loaded and unloaded at the flight pressures and temperatures.

Simulation of the important environmental conditions was also important to
determine accurately how local coating damage and subsequent breakdown of
protection would affect the structural integrity of a flight component.

Sylvania's R-512E (60Si-20Cr-20Fe) fused slurry silicide coating and
single annealed Cb-752 columbium alloy were selected as the coating/metal
system for evaluation.

Major objectivea of this program were:

(a) Establish baseline oxidation resistance data for the coated

columbium alloy and mechanical property data for the bare and coated columbium
alloy.

(b) Determine the protective life of the coating when applied to

specimens having Joints and faying surfaces representative of typical advanced
flight vehic¢le hardware.




(¢) Determine the effects of local coating damage on the
structural integrity of representative hardware.

(d) Evaluate the effectiveness of repair coatings when applied
to representative hardware.

(e) Determine the effects of multiple reentry flights on the
total normal emittance of R-512E coated Cb-752.

(£) Utilize nondestructive test methods to predict coating per-
formance and assist in interpreting test results.

(g) Identify coating process and hardware design limitations
and recommend methods of improvement.

A large number of the representative heat shield specimens were
tested at simulated flight conditions which combined temperature, pressure,
stress and time profiles to answer the question of reuseability. This was
the most complete simulation of flight on specimens representative of hard-
ware conducted to date. A systems approach to failure was utilized which
was something new for coated refractory metals. The criteria established
for failure was structural deformation rather than the first sighting of
columbium oxide. The ability to maintain structural integrity after local
loss of coating was investigated which is an aspect that must be fully sub-

stantiated for coated columbium to be used with confidence under temperaturc,

pressure, and stress conditions typical for a space vehicle reentry.

The emittance of coated columbium was measured while being subjecter!
to varying temperature-pressure conditions in a profile fashion simulating
reentry. The effect of multiple reentry cycles on coating emittance was
determined. This was the most complete determination of coated columbium
emittance during and under reuse conducted to date. Effects of coating
batch to batch, chemistry and thickness variations were also determined.
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SECTION II

TEST DEFINITION

This section describes the variables that were defined before the
testing began. In this section are: Materials, which includes columbium
alloy selection and ccating selection; Specimen Design, which includes basc-
line specimen design and panel design; Test Conditions; and Testing Equip-
ment and Calibration for various tests conducted.

iy MATERIALS

The columbium alloy selected wes single annealed Cb-752. This alloy
was selected because of industrial experience, availability, fabrication,
strength and weldability. The coating selected was Sylvania's R-51Z2E.

(a) Columbium AMloy Selection
Four of the most promising second generation columbium
alloys presently being evaluated in the aerospace industry are D-43
(Cb-104-12r-0.1C), Cb-752 (Cb-1OW-2.52r), FS-85 (Cb-28Ta-10W-1Zr) and
C-129Y (Cb-1OW-10HF-0.1Y). These alloys have been used for, or studied for
use as, thrust chambers, heat shields and structures for advanced reentry
vehicles.,

These relatively high strength alloys have presented several
fabrication problems because of their susceptibility to embrittlement under
various conditions. Included under fabrication are the four categories of:
(1) heat treatment, (2) welding, (3) machining and (4) forming.

Unlike steels, for example, heat treatments are not used to
improve the strength of these alloys after they have been processed at the
mill, Several producers have, though, incorporated annealing treatments which
can be used to boost the tensile strength, but when excessive strengths are
obtained, the ductility usually decreases to a minimum, and perhaps, to an
unacceptable value. Refractory metal producers supply the columbium alloy
sheets either in the stress-relieved or recrystallized condition. The fully
recrystallized condition is usually specified; and, for this reason, the
fully recrystallized properties are used for design purposes.

These alloys can be welded by the tungsten inert gas (TIG)
electron beam (EB) and resistance welding processes. The D-43 allcy is the
only alloy not readily weldable. The ductile-to-brittle transition tempera-
ture (DBTT) for all four alloys is usually increased by tungsten inert gas
or electron beam welding. The relatively minor effect TIG or EB welding has
on the DBTT of FS5-85 and C-129Y compared to that for D-43 and Cb-752 has teon
demonstrated in several investigations. Usually the slower welding speeds
cause a greater increase in the DBIT,
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Electron beam welding has been used extensively to weld
these four alloys since it offers high speeds and low levels of contamination
during welding. As with the TIG process, a vacuum stress relief operation
may be necessary after welding to lower the level of residual stresses,

These residual stresses are a result of solidification at the weld beads.

Resistance welding of these alloys has been successful,
but as with all columbium alloys, great care is required to prevent electrode
sticking and contamination during spot welding. Seam welding is feasible,
but as yet has not been used extensively. The resultant residual stresses

after resistance welding are usually low enough to make a post weld stress
relief unnecessary.

Al four alloys have equivalent machinability. Ordinary
tool steels can be used, but it is necessary to use a lubricant/coolant

to reduce the tendency to tear and gall that is characteristic of all
columbium base alloys.

Forming such as shearing, blanking, bending, brake forming,
drawing, etc., can be accomplished on all four alloys at room temperature,
but D-43 is slightly less formable than the other three alloys. Stress-
relief annealing may be required after drastic forming of the stronger alloys.

In the process of developing the second generation alloys,
various solid solution hardening elements were used to increase the high temp-
erature strength, room temperature formability, weldability or secondary
creep propertiss. These elements also increased the dengity of these alloys.
The density of D-43 (.325 1b/in’) and Cb-752 (.326 1b/in”) is relatively low
when compared to FS-85 (.383 1b/in’) and C-129Y (.343 1b/in3).

Mechanical properties are one of the most important selection
factors. Table I gives the baseline room temperature mechanical properties
for D-43, Cb-752, FS-85 and C-129Y. This table shows that F5-85 has the
lowest strength to density ratio of all the alloys of interest. Figures 1,
2, 3, and 4 show the effects of elevated temperature on the ultimate tensile
strength (Ftu), tensile yield strength (Fty), percent elongation (%e), and
Young's Modulus (E), respectively. In Figure 1, it is readily apparent that
the Ftu of FS-85 goes through a minimum to maximum reversal from 800°F to
1200°F; this is in contrast to the smooth decrease in Ftu of Cb-752. In
this figure it is also apparent that the rate of decrease in Ftu of all four
alloys is about the same from 1800°F to 2500°F,

Table |
Room Temperature Mechanical Properties

Ultimate] Tensile

tensile | yield Young's] Basis
strength | strength % | Value | Fu/ mogulus | for
Condition Ftu, ksi |Fty ksi Elongation] Basis | ksi/Ib in~3 1 10 ) psi | Modulus Ref,
D=43 | Annealed, 18mil | 85 85 14 Average | 261 16.9 - 1
gauge, transverse :
Cb~752 | Recrystallized 75 60 15 Min, 20 15.02 | oyn. 2
(single annealed)
FS=85 | Recrystallized 70 | 50 ) Min. 1825 20 - 3
C-129Y | Recrystallized 89.8 | 75.7 5 Typ. %2 16.3 Static ]

ERRID




% of room temperature Flu

- \‘
50 ‘:'- Q"‘
\' 1
\J |
A\Y
m L]
\ e‘\ — Cb=752
v\ \{' (Ref. 5)
% A
. . D=43
%Y e
c-12y | % \
(Ref, 4)
il o |
F§=85 ) '\ H
o (Ref, ay-—/ e ‘
\
0 l"'
0 500 1000 1500 2000 2500 3000 i‘
Temperature, °F ]
Figure 1 Effeét Of Temperature On The Ftu Of D-43, Cb-752, FS—-85 And C-129Y ’




% of room temperature Fly

bl

100
\i
\i
90 :"
\
\ '\
80 \ AN
‘ -
\
L ™ -
3 Y, P
i \‘-.. .--"‘ \
'n" p SE— | '\‘
o0 L D~43 /\ .
e ‘\ . (Ret.1)~"
R Y “w, /| F5-85 ‘.
\ .{ {HEL E}
! 1\ % \-
* 1‘
\ "... =
0 ANETET . o \
N\ (Ref.4) Y \
‘t..._ SR
Ch=752 \
0 (Ref, 5) ‘\
"ﬁ
0 b -
3\
10
o 500 1000 1500 2000 2500 3000

Figure 2 Effect Of Temperature On The Fty Of D-43, Cb-752, FS-85 And C-129Y

Temperature, °F

e i P A et .
il T ——




% Of Room Temperature Elongation

250

150

f! 500 1000 1500 2000 2500 3000
Temperature °F

Figure 3 Effect Of Temperature On The Elongation Of D-43, Cb-752, FS-85 And C—-129Y




% of room temperature modulus

100
ﬁ ~
\
\ \\
\ N
9% D
\ ~ Cb=752
~ ~ 18 mil sheet
\ - ' Longitudinal
~ (Ref, 1)
8 s
~ <
\ ~
\ .
=
0 =
1
\p-43
18 mil.sheet
Longitudinal
(Ref. 1)
60
50
0
Cc-129¢
(Ref. 4)
’ y
20
10
0
0 500 1000 1500 200 2500 3000
Temoerature F

Figure 4 Effect Of Temperature On The Modulus Of D-43, Cb-752, FS-85, And C-129Y




Notch/Unnotch Strength Ratio

L2

J0

Figure 2 shows the effect of elevated temperature on the Fty
of the four alloys of interest. It is apparent that the rate of decrease in
Fty is much less for D-43 than for the other three alloys, particularly in the
vicinity of 2000°F. The D-43 alloy maintains the highest Fty to about 2700°F.

The effect of elevated temperature on elongation is shown in
Figure 3. For all four alloys, the % elongation at first decreases reaching
a minimum at 1000 to 1400°F.

The effect of temperature on the moduli of the four alloys
is shown in Figure 4.

Of significant importance in the selection of any alloy
is the toughness of the material over a range of temperatures. One measure
of an alloy's toughness is the notched to unnotched strength ratio; materi-
als with a ratio equal to or greater than one are defined as tough. Figure
5, shows the effect of temperature on the notched to unnotched strength ratio
for two different thicknesses of D-43 and Cb-752. The only material which
shows low toughness is the 12 mil D-43 sheet. As was shown in Figure 1,
the bend ductile to brittle transition temperature of the four alloys can be
affected to varying extents by different welding procedures. The bend '
ductility is also affected by the grain direction and the condition of the
material. Table II gives the bend properties of Cb-752 and D-43 at three
temperatures. It is apparent that D-43 shows a greater propensity for bend
failure than Cb-752.

3 mil shest
_/_ Cb=752 ==
. - — ---—----—-—-I-‘:;m-ﬁﬂ-ﬁﬂﬁmnmml.ﬂ‘_'_"'
5L o s
m::‘i'.‘ | — -

o™ N 12l sheet 0= i

IIHII.I'Q-.....
LI T

r"'..F"''-'---'—"--—lll-lm-u-ull—v—u-—"-'-"'-'- _—_1

I0mil sheet

po*

-0 -200 150 -100 -50 0 50 100
Temperature, °F

Figure 5 Notch Strength Ratio Of Cb—752 and D-43, Ky - 3 (Ref. 1)
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Table Il
Bend Properties Of Ch~752 And D-43 (Ref. 1)

Final Bend Angle After

Temp. Gauge Grain Springback (degrees)
°F Mils Direction  Cb-752 D=43
70 12 Trans. 84 84

-110 12 Trans. 70=74 70-71

=320 12 Trans., Li=L7 19-28 F#
70 18 Trans. 89 85-87

=110 18 Trans. 83-84 87

=320 18 Trans. 63 66-69

* 70 18 Long. 93 9L=96

=110 18 Long. 88-91 89-91

=320 . 18 Long. 69-71 25=3L F

. 70 30 Trans. 78-79 90-91

-110 30 Trans, 78-79 75-93

=320 30 Trans. 52-75 F 83

#F - indicates failure, Tests conducted with 2T radius
bend and a ram speed of 1.0 in/min.

For most aerospace applications the short-time creep proper-
ties of the refractory alloys are of importance in the selection of a partic-
ular alloy. Figure 6 gives the available short time, 1% strain, creep data
for D-43, Cb-752 and C-129Y. Although D-43 has better creep strength than

Cb-752 it has other properties, as have been mentioned, which are drawbacks
to its wide use.

The effect of aging on the mechanical properties of the four
alloys is summarized in Table III. Long time exposure or cyclic exposure

to temperatures in excess of 2000°F may result in a drastic decrease in the
mechanical properties of D-43.

Based on the data presented in this section, Cb-752 was
selected at the most promising of the four alloys. When industrial experi-
ence is also taken into account the desirability of continuing to use Cb-752
is reinforced. This alloy offers good fabricability, weldability, and machin-
ability along with good elevated temperature strength; and it is readily avail-
able. The other three alloys, D-43, C-129Y or FS-85, possess certain individ-
ual qualities superior to Cb-752, but usually these better qualities are accom-
panied by inherent drawbacks such as low weldability, low formability or low
strength to density ratio.

(b) Coating Selection

The fused slurry silicide coating developed by the Sylvania
High Temperature Composites Laboratory is proving to be one of the best and
most useful coating systems developed to date. For coated columbium, long
and reproducible coating lives have been obtained in static, reduced pressure
and slow cyclic testing. Because the coating is formed from a chemically
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aggressive molten phase, this coating system has a high potential for the
reproducible coating of complex parts containing faying surfaces and areas ‘of
limited access.

!F33(615)-3272 and by other independent investigators, (References 9, 10 end
have established the basic protectiveness of the fused silicide ccatings.

1),

Note:

I.

II.

I1I.

Data generated by Sylvania under Air Force Contract

Table 1!

SUMMARY OF TENSILE PROPERTY RESPONSES

TO AGING (TO 1000 HOURS) (REF. 8)

Arrangement is in approximate order of decreasing tensile thermal

stability.

Little or no Response to Aging

FS-85:

C-129Y:

Good stability without definite response in tensile
or shield strength or elongation in either weld or

base metal at ambient or elevated temperature.

Like FS-85

Limited, Non-General Responses

Cb-752:

Classic Overaging and Consequent Loss of Strength for Increasing Time

Room temperature strength increased for all aging with
a modest loss in elevated temperature strength. Yield
strength response in room temperature tests imply a
complex aging response whereas 1800°F yield strength
responded in a classic manner. Base metal elongation
did not follow strength changes, but instead became
more variable with increased test temperature while
weld elongation remained largely unchanged.

Temperature Exposures

D-43:

Similar response for both ultimate and yield strengths.
Elongation only slightly increased with decreasing
strength. Veld and base metal similar in strength

and aging response.
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. The coating selected for this program was the Si160-20Cr-20Fe
composition (R-512E) in the Sylvania R-512 fused slurry silicide series. This
selection was made jointly with Sylvania. The R-5121 coating was selected
because it produces a more uniform coating on the Cb-752 alloy than most of
the other fused slurry compositions. The inherent oxidation resistance of
the R-512E composition is comparable to any of the fused slw.Ty silicides
compositions developed to date. Also, there is more available data on the
R-SlZ!/Cb-752 system than on other fused slurry silicide/Cb~752 systems.

The coating and base metal characteristics which influence
coating performance, such as coating thickness (maximum and minimum), minimum
edge radius, and minimum base metal thickness, were discussed with Sylvania.
A mutual decision established the nominal coating thickness and weight as
3.5 mils and 25 mg/em?, respectfully. Minimum nominal gauge thickness was
established as 12 mils. Sylvania applied all fused slurry silicide coatings
because of their thorough knowledge of the coating system, well developed
processing techniques, and proven equipment.

Susiiasicl el

A summary of available data on the properties and relisbility
of the coating on Cb-752 is presented in Figures 7, 8, 9 and Table IV. These
data substantiated that the R-512E coating had the basic protectiveness and
reuse capabilities for reentry applications.

s g

0.1 mm Hg

L0 mm Hg
10 mm Hg —1

Exposuie Time — min.
B2
=

2500 2600 Z100 2800 200 1
Temperature - °F

Note: Failure region is to the right of each curve,

Figure 7 Protection of Cb-752 Columbium Alloy by Sylvania R-512E Coating (Ref. 12)




3200 | ] , ;
Total failure  Range of performance :
Data for coated Ch-Base

B Rendon failwe  Alloy systens studied in . ﬁi
* %D AFML-TR-65-351 ;
[ O Cb752/R512E-Random and total failure

T
Temperature (°F)
B
=2

2600

2400

0.01 0.1 1 10 100 1

Air Pressure (Torr) L

Figure 8 Maximum Temperature for 4-Hour Lifetime for Cb 752/R512E E

System and Coated Alloys Studied in AFML-TR-65-351 3 ¥

' i
4 i

I *
! 2

760 Tor

Lad

kg it e et

“E, 1

: % |2

2 I

=) | 4

= | 8

1

| i
: 0.1 Tomr
ﬂ - 1

0 5 10 15 .| 5 0

Time (hours) ‘ ;

Figure 9 Weight Change vs Time at 25009F for R512-E Coating on Cb-752
at Various Air Pressures. (Ref. 13)




Table IV

Various Oxidation and Reentry Simuiation Test Data for R912—-E
Coated Cb=752 Columbium Ailoy (Ref 13)

Reentry Simulation Life (No, k-Hour Cycles to Failure)

yclic Oxidation | Slow Cyclic Oxidation 0 ; 0 i 0 i
Life at 800°F | Life at 1 atm. 2500°F 2500°F Maximum 2500 F Maximum 2600° F Ma;umum
(No. 1oHour | Maximum Temperature | Temperature Temperature Temperature
byc|es to Failure)| (No. kHour Cycles ty | Internal Surface Externa! Surface Internal Surface
Failure{ Profiles Proiiles Profiles
%(E) TI(E), T1(E)  }40+,40+,200+,200+ 40+; 40+, 200+, 200+ 200+, 169 (E)*

+ Test si.pped. Samples not failed,
E Edge failure,
* Secimens contaminated by reaction products of first failed specimen

2. SPECIMEN DESIGN

In this section the design of base line specimens and panels is dis-
cussed.

(a) Base Line Specimens

Mechanical property and cridation specimens were used for base
line property determinations.

Mechanical property specimen configurations are shown in Figures 10,
11, 12, and 13, The specimens included tensile and elongation, creep, bend,
notch sensitivity, and welded lap tensile.

Oxidation specimen designs included small coupons (1 1/2" x 3/L") for
slow cycle, static, and time-temperature-pressure oxidation testing. These
specimens are identicil to the bend specimen shown in Figure 10. For time-
temperature-pressure-stress testing 18" x 1" tensile, riveted lap tensile, and
threaded fastener lap tensile specimens were used. These specimens are shown
in Figures 14, 15, and 16.

Al]l baseline specimens except for the countersunk riveted lap tensile
and the threaded fasteners lap tensile were fabricated from .01l6 gauge Cb-752.

The countersunk riveted lap tensile and the threaded fastner lap tensile
were fabricated from .035" gauge Cb-752., All specimens were manufactured in
the Advanced Materials Fabrication Facility (AMFF). This facility incorporates
the most modern equipment and used the same process specifications and process
controls that were successfully used in the manufacturing of columbium flight
hardware for the ASSET and BGRV programs.

15




AP AT

Direction

Grain

0.75"
0.25" Dia. hole e, 375" e eel stamp
or oode here
0.125" A
-
\\ n}n
Fa ot
&
(=]
|
l‘sll
E
\
Edge radius; %t
Corner radius 0.1 Min.
Gauge; .016", .012", 034", etc.
Figure 10 Oxidation And Bend Test Specimens
——1.00
500 Steel stamp
T :f Code here
0010
690 500 7 bia, 2HOLES 32
-.0005 5
] /. wu 12
+
810
\ |
-—*— .500:.005 Symmetrical with £ of holes
500 within .005.
2 620 - A Notches must be in line within .001.
+.003
.350..005 notch root symmetrical with ¢ of
4.00 2 holes within .002
=03 .;ﬁn
(typ) y l 1. Do not straighten or align by bending.
2, Notch root radius shall be .001". -
/' '\ 3. Surface roughness per MIL-STD=101125 RHR except as noted,
+ 4. Break all sharp edges. Break edges of reduced section .005 R
\_‘ _/ maximum.
5. Specimen shall be free of nicks, dents, scratches, and machining
mismatch.
J Tolerances; 2.010 unless otherwise specified

Figure 11 'Notch Tensile Specimen
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R }—1.@:.03'3—
10 R. typ.
502,03 —ad — l
50" typ.
= +
(=]
'§ I Gauge; .016"and .016"
5 2.375" Surface roughness per MIL-STDi~10. Machined edges shall be
250 RHR
l E0-25" Break all sharp edges.
i - ] Specimen shall be free of nicks, dents, scratches, and
4.25" 0.5" ———r machining mismatch
t EB weld per P.S. 22301
f LO.ZS" Tolerances; +.010 unfess otherwise specified.
E e L — .250*_'8&}"dia (2 holes)
g
| — Steel stamp
code here
Figure 12 EB Weld Lap Tensile Specimen
4 =1.00,.03" J0R. typ.
e 50,031 f |
' | Y
= ! 50" typ.
.L;r.'; | Gauge; 016" and .016"
Surface roughness per MIL-STD~10. Machined edges shall be
50 RHR
PP || ) S Break all sharp edges.
4 \
2875" ] 05" Specimen shall be free of necks, dents, scratches, and
* machining mismatch,
425" Sotweid per P.S, 22142
' J “}5 Tolerances; +.010 unless otherwise specified.
2.875 * u,i .
1%
E +01" .
S =250 _ g dia. (2 holes)
-g‘ |~ Steel stamp
: code here

Figure 13 Spotweld Lap Tensile Specimen
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and machining mismatch
Tolerance; .010 unless otherwise specified

Figure 14 Stress Pro

|— 50—

in =

"":(-tD T Mot

- 70 +.0005 A
2Loading
holes 83

he
b0 1
4p ..03 i E
* .

Figure 15 Riveted Si

- 18.00:.06 —
Steel stamp 3 b 7.75:.03 =
code here
2.000+.005 25— .564.03
GAUGE r
1m
(u i i 1.12:.03
'H'+ W+ .003
T04.005
w E .5000 I

Notes; .l;f:.ﬂ;i
1. Center of gauge must be smaller than ends .

within the specified tolerance. Taper must 3.00..06 .10 R., all corners

be gradual., R, (typ.) (optional) —
2. Gauge section must be symmetrical with ¢ | 5

of holes within .010. .. o, 375+ 02
3. Surface roughness per ke Edge =SI0.2 gl [BOLINSHAND

radius shall be %t except fpr the edges Loading holes (2 req.)

around each hole. Break the sharp edpes

around each hole.
4, Specimen shall be free of nicks, dents, scratches, o

file Oxidation Specimen

es

. D= Nominal rivet diameter as specified by individual request (.125”
. Dimensional tolerances are :010 except as otherwise noted

. Drill and ream rivet holes per MAC P.S. 19110 (group 2) unless

otherwise required by individual request

, Finish of machined surfaces shall be 125 RMS maximun

. Break sharp comers and edges

. Install rivets according to instructions of individual requiest
. Specimens shall be symmetrical about horizontal and vertical

centerlines within .010"

. Specimens shall be free of nicks, scratches, and machining mismatch,

ternate countersinks
shown above for flush
ad rivet installation

ingle Lap—Shear Specimen
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1. D« Nominal fastner diameter (.1875'")

2. Dimensional tolerances are +.010 except as otherwise noted

3. Drill and ream holes.

4, Finish of machined surfaces shall be 125 RMS maximum

5. Break sharp comers and edges

6. Specimens shall be symmetrical about horizontal and vertical
centerlines within .010"

1. Specimens shall be free of nicks, scratches, and machining mismatch.

Figure 16 Threaded Fastner Single Lap-Shear Specimen

(b) Heat Shield Panel Design

Heat shield psanels and their supporting structure are the
components of lifting reentry and hypersonic cruise vehicles that are normally
fabricated of coated refractory metals. Heat shield panels may also be the
primary structure, but usually the use of cooler primary structure is more
efficient. In order to maintain surface smoothness and rigidity with minimum
weight, heat shield panels are fabricated from relatively thin gauge material
and, almost without exception, are of a stiffened skin design. It is this
stiffening that leads to faying surface and joint considerations which must
be included in coating performance evaluations. Typical heat shield configu-
rations were closely examined to select representative designs. The five
general types of heat shields considered were: sandwich, corrugation-skin,
monocoque, sheet-stringer, and integrally stiffened.

Sandwich structures incorporate two facing sheets separated and held
in position by a low-weight core. Two commonly used cores are honeycomb and
semi=structural or structural corrugations. The sandwich structure has the
advantage of being rigid and, with proper support, is able to resist high
bending or column compression loads efficiently. The greater limitation of
the sandwich is the difficulty and cost of fabrication.

The corrugation-skin structure is also efficient, particularly for
applications where the loading is predominately in one direction. It is also
relatively easy to fabricate, since the joining of the corrugations to the
skin is open and not blind, thus permitting the use of welding or riveting.

The monocoque surface offers economy, simplicity, and ease of fabri-
cation, while suffering from a low strength-to-weight ratio and lack of
rigidity.
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The sheet-stringer panel, while not as inherently rigid as the sandwich
and corrugation-skin, does provide the advantage of simplicity. The stringers

are generally arranged to run in one direction only; they can be attached by
either rivets or welds,

The integrally stiffened panel is simple and presents no joint or
faying surface problems; however, it can be costly because of machining time
and material waste., EB welding can reduce cost and material waste of integrally

stiffened type designs. Structural efficiency decreases as panel size -
increases.

The honeycomb sandwich and integrally stiffened configurations have
no faying surfaces to be protected by the oxidation resistant coating. The
only joints of importance to this program would be those involved in their
attachment to substructure which is usually accomplished with threaded

fasteners. The coating must, of course, be compatible with the braze alloy
in a honeycomb sandwich.

Variations of representative heat shield panel designs were used in
determining the protection that the R-512E fused silicide coating will afford
to faying surfaces and joints. Variations involve different methods of attach-
ing the stiffener to the skin such as, resistance spot and seam, electron
beam, and T.I.G. welding, and riveting.

Consistent with good practices and the state-of-the-art, the representa-
tive heat shield panel configurations selected were as follows:

(a) Single faced corrugated panels with flat topped corrugations
(resistance spot and electron beam welded).

(b) Single faced corrugated panels with "V" shaped corrugations
(electron beam welded).

(c¢) Skin-stringer panels (resistance spot and electron beam
welded).

(d) Skin-Channel panel with riveted joint.

Based on the selected test conditions of stress and temperature, test
specimens representative of the above heat shield panel constructions were
designed. Table V summarizes the gauge(s), pitch and depth for each specimen
type. Because of the restraints imposed by the dimensions of the test facility,
heat shield panel specimen size was limited to 4 inches long, 1 inch wide, and
up to .25 inch in depth.

In order to design the small test panels, full size panels of
representative design were selected, typical loads due to pressure differen-
tials were analytically applied to each design, and the resultant radius of
curvature was calculated for each. Then the small test panels were designed
with the proper gauge and geometry, and the test loads were selected to
produce the same radius of curvature, Therefore, by matching the radius of
curvature of the small test panel to the radius for a full size heat shield
panel, the small test heat shields experienced skin and stiffener stresses
and joint behavior the same as full size flight articles.
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| |Table V| Heat Shield Test Specimen Designs

- ;Constmction T S oy
vemitpe | Gy | P | oG
Shglesfaced flat coyugetion . | Skin Y. .180 160
Single-faced vee corrugation © | Skin 16 450 250
+ Skin sheet stringer in 16 .00 250
J l | L l JStringm kT |
Skin chanwel atringer Skin 1 .500 250
3 ] ': Stringer - 12
Riveted single-faced Skin 12 820 ' 250
flat corrugation .| Corrugation 16

A balance of the existing stresses to the allowable stresses was also
an important factor in designing the simply supported test panels, A simply
supported full size flight heat shield panel of optimum design and loaded
by pressure differential to produce primarily bending loads, would experience
at its maximum loading condition an exact balance between the allowable
tensile stress and the actual tensile stress in the stiffener (corrugation,
etc.) and between the allowable compressive or buckling stress and the actual
compressive stress in the skin. These stresses are balanced by integration of
material gauge, and geometry (e.g., depth and pitch or stiffener). Of course,
this integration is performed to produce a panel of minimum weight and thickness.
The test panels for this program were designed using this typical philosophy;
however the exact balance of allowable tensile and compressive stresses, with
respect to the actual stresses, could not be attained because of restrictions
of minimum gauge, specimen size, and tooling. The maximum unbalance or stress
differential is 25 percent, and in most cases, it was on the order of 10 percent.

The use of gauges that would be used on full size panels was considered
important for obtaining typical coating behavior at edges and typical
mechanical properties of the coated metal composite. Therefore, typical
gauges ( * 0" to ,032 before coating) were always used.

Since it was possible for the test panel to have the same radius of
curvature and the same tensile stress level as the full size flight panel, the
performance of all parts of the coated test panel was considered representa-
tive of those experienced on full size panels during flight.
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Like the baseline specimens, the heat shield specimens were fabricated
in the Advanced Materials Fabrication Facility (AMFF). Panels were manufectured

using detail drawings such as that shown in Figure 17 for the Vee corrugation stiff-

ened configuration. Heat shield panel test specimens of the various single faced
stiffened configuration approaches used tor this program are shown in Figure 18,

3. TEST CONDITIONS
In this section the selection of test conditions is discussed.

The two vehicles of primary interest to this program are (1) lifting
spacecraft which will reenter the Earth's atmosphere from a near-earth orbit
and make a horizontal landing and (2) the hypersonic cruise vehicle which will
fly within the sensible atmosphere. For the lifting reentry spacecraft many
trajectories are possible and depend primarily on the reentry path angle,
reentry velocity, mode of glide acquisition, and the aerodynamic characteristics
of the vehicle. Trajectories for the hypersonic cruise vehicle may also vary
considerably and depend, among other things, on mach number, type and amount of
fuel, engine performance, and glide descent characteristics.

Diffusion type coatings, including the fused slurry silicides, are
sensitive to time profiles of temperature, pressure, and stress. This means
that representative test conditions must be used in order to achieve accurate
evaluations.

Two sets of test profile conditions, temperature-pressure-stress-time,
were selected by reviewing available flight environment data for reentry and
hypersonic cruise vehicles. The various flight environmental conditions were
studied to determine which of the multitude of combinations of temperature,
pressure, stress and time would yield the most meaningful evaluation of the
fused slurry silicide coating, while maintaining integrity of the test con-
ditions with respect to actual vehicles.

The test conditions selected are shown in Figure 19. The specific time,
temperature, pressure and stress relationships do not represent a specific
vehicle and missionj however, the conditions are representative of classes of
high L/D vehicles and missions which will provide a meaningful evaluation of
coated columbium hardware configurations.

The time-temperature relationship selected was the same for both test
profiles. The hypersonic cruise vehicle typically has an appreciable dwell
time at the maximum temperature whereas a reentry vehicle is more likely to
have one or more short duration peaks or spikes to maximum temperature. Such
reentry vehicle temperature peaks can be caused by glide acquisition maneuvers,
in-flight maneuvers, or boundary layer transitions, and can occur at any time
during the flight. Any combination of such maximum temperature peaks was cor-
sidered to be included in the selected 12 minute hold at maximum test tempera-
ture. The selected dwells at 1400°F will permit coating evaluation in a region
where the coating oxidation rate can be high and the Cb-752 ductility can be low,

The atmospheric pressure is an important factor in coating performance.
It will be noted that both an internal and an external pressure profile are
presented in Figure 19. External pressures are those associated or present on
the mold line surfaces of the recniry vehicle, Internal pressures are those
associated with the internal surfaces and are normally considered as ambient
or equal to altitude.
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The effect of stress is the least understood of the parameters included
in the evaluation. The critical stress condition can occur at almost any point
in the flight - boost, hot maneuvers or terminal maneuvers., High loads at low
temperatures are always encountered during landing and takeoff (boost)} there-
fore, the selected stress profile included a realistically high load at room
temperature at the beginning and end of the test cycle.

One of the two selected time-stress profiles began with a very low stress
which was increased with time at a constant rate to simulate low air loads.
The second stress profile employed a similar increasing stress except a high
load (6000 psi) was applied for a very short duration (30 sec.) during the
maximum temperature plateau to simulate a maneuver.

The maximum temperature of the test profile lester in the program was
lowered from 2600°F to 2400°F to allow a longer test time before excessive
creep deformation occurred on the heat shield panel specimens. All the other
test conditions remained the same.

Static and slow cycle (B800°*F-2500°F-800°F, one atmosphere) oxidation
tests were performed. Time-temperature-pressure profile testing was con-
ducted using the profiles in Figure 19 without any stress. These oxidation
tests showed the reproducibility of the coating (static and slow cycle) and
generated a baseline for later determination of the effect of stress (time,
temperature, pressure profile) on coating life,

k. EQUIPMENT AND CALIBRATION

This section includes description of the equipment used for conducting
the testing and calibration procedures employed to characterize the test
articles and test environments.

(a) Equipment

Standard oxidation test furnaces and universal testing machines
were used in generating basic performance data for the bere and R-512E coated
Cb-752 alloy, except for an accessory which provided varying loads to specimens
being subjected to temperature-pressure-time reentry profile testing.

Oxidation test furnaces including an automatic slow cycle
test facility and a reduced pressure oxidation test facility which were used
for determining baseline oxidation data are shown in Figures 20, 21, and 22.

Tensile and elongation properties of bare and coated Cb-752
were determined in the facilities shown in Figures 23 and 24. Bend tests were
conducted using the fixture shown in Figure 25, Creep tests conducted by Metcut-
Research Associates Inc. were performed in a cold wall vacuum furnace set in
a conventional creep rack. The specimen was radiant heated to the desired test
temperature by a resistance heated tantalum sheet element. The furnace and
associated equipment utilized during the creep tests are shown in Figure 26.

The accessory which provided varying loads to specimens being
subjected to temperature pressure reentry profile testing is shown in Figure 27
attached to an ASTRO Industries Model 2570C graphite tube furnance. The
accessory consisted of a rigid frame, L-605 loading rods to transmit the

26
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Figure 20 Static Oxidation Test Furnaces

Figure 21 Pressure Temperature Profile Oxidation Test Facility
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Figure 22 Slow Cycle Oxidauon Test Fumdee
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Figure 25 Bend Test Fixture
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Figure 26 Creep Test Setup (2400° - 2600°F) Metcut Research Associates, Inc.

31




Figure 27 Pressure-Temperature-Stress Profile Oxidation Test Facility




load to the specimen, a motor driven loading mechanism, a strain link for mea-
suring the applied loac, and a motor driven accessory for specimen insertion

and removal, The high torque-low rpm motor which drives the lo2ding mecheanism

(a threaded rod-gear arrangement shown in Figure 28) gave the apparntus the
capability of producing 2 tensile load of 450 pounds. The accessory was designed
to accommodate automstically programmed temperature and stress profiles. Other.
accessories used included a mullite tube which contained the specimers for testing,
a vacuum pump connected to one end of the tube and a controlled lezk on the ?ther
end to provide the desired air pressure prcfile, and temperature sensing equip-
ment (thermocouple). This unique reentry simulator was the workhorse piece of
equipment used on this program.

Fixtures were constructed which allowed bending loads to be
applied to heatshield test specimens while they are being exposed tc reeniry
conditicns of temperature and pressure. Fixtures were constructed from Cb-752
and protected from oxidation with the R-512E coating. A fixture with = heat-
shield specimen in place is shown in Figure 29. This method of loading
places the heat shield specimens in bending which is typical at flight behAViqr.
Therefore, the joints and faying surfaces are 'worked" in.the same manner as in
actual flight where the panel is loaded and unloaded at and by the flight environ-
mental pressures.

To assure that the maximum amount of information was obtained
for interpreting and predicting test results, NDT techniques for determining
coating thickness were applied. The prominent mode of premature coating failures
in the R-512E/CB-752 coating system has previously been determined (References
14 and 15) to be thinly coated edges.

Nondestructive test (NDT) techniques were utilized to determine
coating thicknesses before testing, between cyclic exposures, and after oxidation
tests. Techniques utilized included "Dermitron'" and thermo-electric instruments.,
The "Dermitron' which works on a eddy current principle was used to measure coat-
ing thickness on flat surfaces and is shown in Figure 30. The thermo-electric
instrument shown in Figure 31, works on the same principle as a thermocouple.

It is sensitive to chemistry change which can be related to coating thickness
and was used for coating thickness measurement on edges as well as on flat surfaces.

(b) C2libration

L The working zone temperature profile cof the ‘stro test furnace,
moq1f1§d for reentry simulation, was determined with 2 bare baseline stress
oxidation specimen (1" x 18") in place. The temperature profile wes determinsd

throughout a complete test tempersture-pressure profile by attaching a saries of
eight (8) thermocouples to the specimen.

. The pressure profile was maintained using an inert gas. '
uniform temperature (i 5°F) was found to exist over a one inch span at the center
of the specimen throughout the test profile. Temperatures at the end of 2 three
inch span was 100°F lower than at the center of the specimen. This diffrrence
remained fairly constant throughout the test profile. The temperature at the
center of the specimen was no more than 5°F higher than the contrcl thermocouple
which is adjacent to the center cf the test specimen. The test temperature
profile could be followed quite closely by controlling the power to the furnace
The constant temperature zone could be lengthered by incorperating radistion )
shields within the length of the mullite muffle tube. However, since thermal
gradients are a reality on actuel flight heat shield panels it was felt that
the thermal gradients on the baseline specimens as well as on the
would add rather than detract from the evaluaticn tests.

3
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NON.CONDUCTIVE COATINGS ON  —
NON - MAGNETIC  METALS -

Figure 31 Thermoelectric Test Instrument
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Preliminary to starting the stress oxidation tests on the heat
shield specimens, temperature gradients and lag during a typical test cycle were
determined. Thermocouples (Pt - Pt 10% Rh) were welded to the skin of an
uncoated single faced corrugation stiffened heat shield specimen at intervals
of 1/4 inch from the center of the specimen. The instrumented specimen was
placed into the scissors loading fixture and subjected to the temperature versus
time profile. The uniform temperature zone was 1/2 inch and the gradient on
either side of this zone was 100°F/in for the first inch on either side of the
uniform temperature zone. Thus, the gradient from the uniform temperature zone
(center of specimen) to the top and bottom loading pins was 125°F, The tempera-
ture difference between the free standing furnace control thermocouple and the
adjacent thermocouple attached to the specimen was + 5°F at 2600°F. There was
a time lag of approximately 1 minute between the furnace control thermocouple
end the panel temperature.

The load or stress being applied during testing was determined
from a aluminum alloy strain link connected between the lower loading rod and
the motor driven loading mechanism, To determine the efficiency of the load
train (loss due to friction, etc.) a correlation was made between stress in the
specimen and applied load to the load rod at the strain link. This was accom-
plished by instrumenting a baseline stress oxidation specimen and straining it
at room temperature. As shown in Table VI, there was very little energy loss.

To determine if any energy was lost in the loading fixture used
to apply bending loads to heat shield panels, a strain gauge was attached to the
skin of a single faced corrugation stiffened heat shield panel and load was
applied by the load train. The stress in the specimen was then correlated with
the stress registered by the strain link used for control. This experiment
indicated that very little if any energy was lost due to friction or binding
in the loading fixture.

Utilizing this same set-up the loading reproducibility of the
strain link was determined. Five different load levels were applied by the load
train and at each level the strain in the specimen was recorded. This procedure
was repeated 4 times and the results are present in Table VII.

Table VI Loading Mechanism Calibration

l Load On Strain Link (Lbs) Load On Specimen (Lbs)
20.0 19.5
415 41.0
495 43,0
80.5 81.0
99.0 97.0
109.0 108.0
1230 121.0
138.0 136.0
152.0 151.0
181.0 180.0
196.0 194.0
209.0 208.0
2240 223.0
238.0 236.0
252.0 249.0

7




Table VIl Specimen Strain vs Load

Load Strain in Specimen (g In./In.)

Strain on ;
Strain Link by ! Cycle* Cycle Cycle Cycle
(uin/Mn.) 1 2 3 4
0 0 0 0 0 0
656 3.98 18 n 78 77
1312 1.96 150 151 151 151
1968 11.94 4 225 y2x) 224
2624 15.92 288 292 286 290
3280 1990 356 356 352 354

*I Cycle 0+201b-0

Notes:

1. No measurable difference in specimen sirain between loading and unloading.
2. The strain in the strain link and in the specimen should not be the same.

Calibration of NDT devices proceeded as follows. CB-752
specimens with various R-521E coatin

8 thicknesses ranging from 1.5 mils per side
to 5.5 mils per side were surveyed with the thermo-electric and eddy current
devices. The specimens were prepared for metallographic examination and
coating thickness measurements were made at 500X. Using this information,
calibration curves for the thermo-electric device and Dermitron were established
and are presented in Figures 32 and 33, respectively. These calibration
curves are in good agreement, for up to 3 mils of coating thickness, with
those developed by AVGO and Sylvania and reported in Reference 16, Above
3 mils of coating thickness the AVCO and Sylvania calibration curves tend
to have higher slopes than the ones developed here. However, thinly coated

areas are the major concern and these can be readily and accurately detected.,
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Figure 32 Thermoelectric Emf vs Metallographic Coating
Thickness for Cb-752 Alloy with R-512E Coating
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Figure 33 Dermitron Reading vs Metallographic Coating
Thickness for Cb—752 Alloy with R-512E Coating
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SECTION III

TEST RESULTS

The obJectives of the testing were to:

a, Establish baseline oxidation resistance data fcr the R-512E coating
and mechanical property data for the bare and coated Cb-752
columbium alloy.

b. Determine the protective life of the coating when applied to
specimens having Joints and faying surfaces representative of
typical advanced flight vehicle parts.,

c. Determine the effects of local coating damage on the structural
integrity of representative hardware.

d. Evaluate the effectiveness of repair coatings when applied to
representative hardware,

e. Utilize nondestructive test methods to predict performance and
interpret results,

To present the test data in a usable form the major parts of this
section are:

. Bagseline testing

. Heat shield panel testing

. Effects of local coating removal
. Repair coatings

. Non-destructive testing

Included in thLo baseline testing sections are oxidation resistance performance
and mechanical properties. The section on effects of ceating removal includes
testing performed on baseline and heat shield panel specimens.

1, BASELINE TESTING

Discussed in this section are oxidation performance and mechanical
properties,

™

a. Oxidation Performance

Basic oxidation performance tests which were conducted are
sumarized in Figure 34. The span of fallures observed for each test condition
are shown. The low and high stress call-outs represent the two different stress




STRESS  PRESSURE

Low Internal [PWTNE]
Prafile
High Internal 10 :j'
Low External Profile
High External Profile
None Internal Profile
None External w Gieater than 50
None Atmospheric Slow cycfe * Greater than 50
None Atmospheric Static

15 20 25 K| 3% 40 45 50 5

Failure time — hours

Figure 3¢ Baseline Oxidation Comparison (2600°F Tmax. For All Tests)

profiles to which the specimens were subjected. The only difference between
them is that the low stress profile lacks the 30 second 6000 psi stress peak
while at maximum temperature. The internal and external pressure profiles
represent conditions typical of internal and external vehicle pressures during
reentry. For the non-loaded or un-stressed specimens, failure was the visual
evidence of columbium oxide. Failure for the specimens tested under stress
was breaking or rupture,

Static (one atmosphere, one hour cycles) and slow cycle (800°F-2500°F-
800°F) oxddation tests were for the purpose of determining coating repro-
ducibility, Static tests were conducted at 1400°F, 2000°F, 2400°F, and 2600°F.
The specimens which were being tested at 1400°F were accidently dropped on the
concrete after 52 hours of exposure which resulted in coating edge chips and
testing was terminated., A% 2000°F 100 cycles were obtained with no failure.
Specimens tested at 2400°F had top edge coating failures after 28 - 37 cycles.
Specimen tested at 2600°F had top edge coating failures after 33 -40 cycles,
Slow cycle test produced edge failures after 25 to greater than 50 cycles., The
edge failures which were the only made of coating failures displayed are
rerdily related to the thinly coated edges which result from dip application
of the slurry coating. The thinly coated edges were detected with the thermo-
electric device prior to testing. Upper edges were determined to be the thinnest
(See Appendix III). Coating oxidation life demonstrated in the various tests
were comparable with results obtained from other investigations (References
11, 12, and 13). The results of the static and slow cycle oxidation tests
are presented in Table VIIT and Table IX, respectively.

4]



Table VIII
Results of Static Oxidation Tests = R-512E Coated Ch~752

Specimen Test
Number Condition Test Results Remarks
1 1400°F for 1 hr 52 Cycles Dropped specimens
coating chipped

2 52

3 52

4 14000F for 1 hr 5

5 2000°F for 1 hr 100 No failure

6 100

li 100

8 2000%F for 1hr | 100

9 2400°F for 1 hr 28 Edge Failure
1 10 37

i1 37

12 2400°F for 1 hr 29

13 2600F for 1 hr 33

14 33

15 35

16 2500°F for 1 hr 40

Table IX

Resuits of Slow Cycle Oxidation Tests — R-512E Coated Cb-752

Specimen Test

Numbe¢ Condition Test Results Remarks
32 Slow cycle* 35 Cycles No failure ~ removed
33 40 Failed
34 45 No failure
35 25 Failure at hole
36 30 Failure, upper edge
37 5 No failure
38 50 Failure, upper edge
39 50 No failure
40 50 No failure

*One hour duration per cycle (800°F-25009F~800°F)

42
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Metallograpnic examination wereperformed on four specimens t.:at were
exposed to 25, 35, 45, and 50 hours of slow cycle oxidation. Fhotomicrographs
of typical coating on these specimens are shown in Figures 35, 36, 37, and 38.
The photomicrographs reveal a severe preferential oxidation of the coating.
However this is typical of the type of oxidation produced by slow cycle
testing. Some edge failures and one surface failure occurred, The performance
of the coating in this test was normal in all respects.

Tests were conducted under the time-temperature-pressure profile
conditions shown in Section II, Figure 19 to determine the performance of the
R-512F coating under these conditions as a baseline for
evaluating the effect of stress. Specimens exposed to the external pressure
profile condition were removed from testing after 35, 4O, and 50 cycles with
no failures, Tests were stopped at these cycles to be consistent with
failures observed on specimens which were tested under stress conditions.
Photomicrographs of typical coating on these three specimens are shown
in Figures 39, 4O, and 41, There was no base metal contamination evident
on any of these specimens, There was preferential oxidation at the thermal
expansion microcracks in the coating. There is a definite similarity between
the specimens exposed to the external pressure profiles and those exposed to
the slow cycle test, The specimens exposed to the slow cycle test show more
severe preferential oxidation which can ba related to the greater amount of
oxygen present, It becomes apparent that temperature cycling is mainly respon-
sible for the preferential oxidation attack of the coating, with pressure
having a lesser effect.

Specimens were also exposed to the internal pressure profile conditions
for 25, 35, LO cycies, A visual failure was noted on the surface near the
top edge of the specimen exposed for 4O cycles. The coating seemed to spall
at the failure site and later metallographic examinatior revealed contamination
of the Cb-752 base metal, The coating was approximately 1.0 mil thick near
the point of failure as measured thermoelectrically prior to oxidation testing.
No visible failures occurred on the other specimens which were tested for
25 and 35 cycles,

Testing was stopped at these points to enable comparison of the coating/
substrate microstructure with the microstructure of specimens profile
tested under stress, Photomicrographs of a portion of each of these specimens
are shown in Figures 42, 43, and 44, Examination of the specimen which was
tested for 25 cycles (Figure 42) shows no substrate contamination at the upper
edge. No contamination was noted at any location on the microsection.
Examination of the specimens tested for 35 and 40 cycles reveals contamination
at the upper edges. The microsection made on the specimen tested for 4O
cycles was not from the area of visible coating failure., Preferential
oxidation attack is noticeable on all three specimens but the most prevalent
mechanism has been a general conversion of the coating to an oxide with
some vaproization having taken place., With respect to coating life, the
internal pressure environment is more severe than the external pressure
environment,
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Figure 35 R-512E Coated Cb-752 After 25 Hours Al
of Slow Cvcle Oxidation Testing ‘
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Figure 36 R-512E Coated Ch—752 After 35 Hours Al
of Slow Cycle Oxidation Testing
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Figure 37 R-512E Coated Ch-752 After 45 Hours 250X
of Slow Cycle Oxidation Testing

250X

Figure 38 R-512E Coated Cb-752 After 50 Hours
of Slow Cycle Oxidation Testing
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Figure 33 R-512E Coated Cb-752 After 35 External
Pressure 2600°F Reentry Profiles
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Figure 41 R-512E Coated Cb-752 After 50 External 250X
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Figure 42 R-512E Coated Cb-752 After 25 Internal
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Figure 43 R-512E Coated Cb-752 After 35 Internal 100X
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Figure 44 R-512E Coated Ch-752 After 40 Internal 100X
Pressure 2600°F Reentry Cycles




The primary baseline test of the coating's performance is the temperature-
pressure-stress-time profile test because this test condition is used for
the mejor testing of the coated structural configurations. Profile test
conditions of temperature, internal and external rressure, and high and low
stress are as presented in Figure 19 of Section III, The low stress profile
is differentiated from the high stress profile by the absence of the 6000 psi
stress peak in the middle of the profile peak temperature. The loads required
to produce the desired siress levels were derived using the calculated cross-
sectional area of the metal remeining after ceeting., From measured coating
weights, the amount of base metal consumption due to coating (approximately
one mil per side) was obtained from Reference 17. An additional one-half
mil per side, based on a 50 cycle exposure, was alloted for consumption due
to diffusion zone growth which occurs during testing.

Baseline stress oxidation specimens (also presented in Table X)
which were tested at 2600°F are grouped under the test conditions to which
they were exposed and are reported in number of test cycles completed before
rupture as follows:

EXTERNAL PRESSURE/HIGH STRESS EXTERNAL PRESSURE/LOW STRESS
19 § ) 2L
25 28
27 o]
Si 35
© i 42
INTERNAL PRESSURE/HIGH STRESS INTERNAL PRESSURE/LOW STRESS
23 e : 2
25 26
26 27
Table X

Results of Time-Tempeiature-Pressure-Stress Profile Tests
R-512E Coated Cb-752

ng;lt;ne s;'n StreI:St Cond;pt:z:s Test Results Remarks

1 High Int 26 Cycles Fractured

2 Low Ext 35

3 Low Int 24

4 Low Int 26

6 Low Ext 3

li Low Ext 28

10 Low Ext 42

11 High Ext 37 Fractuted ;

12 High Ext 3l Edge oxidation at 29 cycles,
fractured 31 cycles

13 High Ext 2 Fractured

14 Low Int 2

15 High int 23

16 High It 25

17 High Ext 19 Fractured

18 High Ext 25 Edge oxidation at 23 cycles,
fractured 25 cycles

19 Low Ext 24 Fractured
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The high stress profile (6000 psi load at 2600°F) produced no significant
effect over the low stress profile in the internal pressure environment. However,
the high stress profile does have a moderate effect as more oxygen becomes avail-
able in the external pressure environment, Figure 45 is a microsection of a
specimen which ruptured after being exposed for 37 cycles to the external pressure/
high stress environment. This section was taken perpendicular to the direction
of applied load. A slight amount of contamination is evident immediately below
the coating. TFigure 46 is a microsection of the same specimen taken parallel to
the direction of applied load. Contamination is evident beneath the areas of
pref=—sntial oxidation attack., There are oxide filled cracks in the majority
of tnese areas. Figure 47 is a microsection of a specimen which ruptured after
being exposed for 35 cycles to the external pressure/low stress environment.

This section was taken parallel to the direction of applied load. The preferential
oxidation attack of the coating is present; however, in this particular section
there was no evidence of base metal contamination., A comparison of Figures 39,

40, and 42 (specimens exposed to external pressure environments without stress)

and specimens exposed to the external pressure with stress (Figures 46 and 47)
reveals the significant effect of stress. The stress accelerated the time to
produce coating failure by a minimum of 4OZ in the external pressure environment.
Perhaps columbium creep is more definitive of what is really happening to cause

the accelerated oxidation. Shown in Figure L2 are baseline stress oxidation
specimens "before test! and "after 31 cycles" in the external pressurz-high
stress-2600°F enviromment. Note the difference in total length which gives a

feel for the amount of creep which took place. Figure 49 is a microsection of

a specimen after being exposed for 26 cycles to the internal pressure/high stress
environment. This section wa¥ taken perpendicular to the direction of applied

load and shows one edge of the specimen which is heavily contaminated from
oxidation. Figure 50 is a section of the same specimen taken parallel to the
direction of applied load. Practically all of the coating has been oxidized and
vaporized with larpge areas of contamination resulting where the coating has failed.
The majority of these contaminated areas show fissures or cracks that penetrate

up to one-third of the way through the base metal., Figure 51 1s a microsection of
a specimen which ruptured after being exposed for 24 cycles to the intermal
pressure/low stress envirorment. A slight amount of contamination and an associat-
ed crack in the base metal is evident. The oxidation attack or loss of the coating
is not as uniform as for the specimens exposed to the internal pressure/high stress
condition. Comparison of these specimens exposed to the iaternal pressure-high
and low stress conditions with those exposed only to the internal pressure con-
dition show an accelerated loss of coating for the specimens tested under stress.
Stress 1s opening the mlcrocracks in the coating thus exposing a greater surface
area of the coating for oxidation and vaporization. Oxidation protective life of
the coating is at a minimum reduced by 25% in the internal pressure environment

due to the effect of stress.

Failure or rupture in all cases occurred at the beginning of the test
cycle when the specimens failed to withstand the programmed 40,000 stress level.

The most probable mode and/or sequence of events which led to tensile
failures were: vaporization-~oxidation of the coating, contamination in the metal
locally where first coating breakthrough occurred, cracks forming in the con-
taminated metal due to the stress profile, and finally rupture as the stress
risers created by the cracks multiplied the stress to a point where the ultimate
strength of the base metal was exceeded.

Because of the maximum test temperature reduction from 2600°F to 2400°F,
which occurred after baseline stress oxidation tests had been conducted at 2600°F,
more baseline tensile type specimens were subjected to 2400°F maximum temperature
stress oxidation tests, Using the 2400°F maximum temperature and the external
pressure high stress profiles, three specimens were exposed individually for 60,
34, and 10 simulated reentries. No coating failures were detected nor was
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Figure 47 R-512E Coated Cb-752 After 35 Simulated Reentry Cycles 500X
Under External Pressure/Low Stress Conditions

structural integrity lost on any of the specimens. Three specimens were

exposed to the internal pressure-high stress profiles for 60, 30, and 10
simulated reentries. Again no coating failures or structural failures occurred.
These baseline tests were conducted after completion cf the heat shield panel
tests and were suspended from testing at 60, 30, and 10 sycles based on duration
of heat shield panel testing to allow comparison with the coating on the panels
which were stressed under bending loads or biaxial stresses.

By comparison,baseline profile stress oxidation testing at 2600°F
produced structural failures in 23 to 26 flights or simulated reentries in the
internal pressure environment and 19 to 37 flights or simulated reentries in
the external pressure enviromment. Therefore, the 200°F difference in maximum
test temperature had a large affect (greater than 3 fold) on the number of
simulated flights for tensile failure.

Figure 52 and 53 are microsections taken parallel and perpendicular
respectively,to the direction of applied load of the specimen which was
exposed for 60 cycles to the extermal pressure, high stress, and 2400°F
temperature flight simulation profile. Coating deterioration appears to be
of the same type and approximate extent of that observed on the specimen
exposed to the same pressure - stress conditions at 2600°F but only for
37 cycles (See Figure 45). Figure 54 and 55 are microsections taken parallel
and perpendicular,respectively, to the direction of applied load of the
specimen which was exposed for 60 cycles to the internal pressure, high
stress, and 2400°F temperature profile. The coating oxidation/vaporization was
considerably less than that observed on the specimen exposed to the same
pressure-stress conditions at 2600°F, but for only 26 cycles (see Figure 50).
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Figure 49 R-512E Coated Cb-752 After 26 Simulated Reentry Cycles 250X
Under Internal Pressure/High Stress Conditions

Figure 50 R-512E Coated Ch-752 After 26 Simulated Reentry Cycles  250x
Under Internal Pressure/High Stress Conditions

54




Figure 51 R-512E Coated Cb-752 After 24 Simulated Reentry Cycles 500X
Under Internal Pressure/Low Stress Conditions

There is however a certain zone or layer of the coating that has been preferen-
tially removed by the oxidation/vaporization me -hanism. The coating has
remained entirely protective in spite of the creep and elongation which
occurred.

Two fractured baseline tensile specimens were examined by electron
fractographic techniques. The specimens were exposed to two different
testing environments. Specimen 1 was tested to failure (26 cycles) in an
internal pressure, high stress, and 2600°F temperature profile and failed in
a brittle manner; metallographic examination indicated that the base metal
had been contaminated. Specimen 2 was tested to failure (35 cycles) in an
external pressure, low stress and 2600°F temperature profile, and metallographic
examination did not show evidence of contamination.

Two areas on each specimen were selected for replication and subsequent
electron microscopic examination. Presented in Figure 56 is a photograph
of the fractured surfaces of both specimens with the location of the areas
replicated.

The microscopic features of the fracture surfaces as observed in the
light microscope indicate fracture origin at both edges of Specimen 1 and
at one edge of Specimen 2. The remaining areas of both specimens consisted
of shear fracture. Electron fractographic examination of Specimen 1 revealed
a duplex structure at the origin, Figure 57 Area A. The duplex structure
consisted of a mixture of brittle cleavage rupture and ductile dimple rupture.
The shear region exhibited elongated dimples typical of a ductile shear
rupture, Area B of Figure 57. Both the origin and shear region on Specimen 2
revealed ductile features typical of an overload failure, Figure 58.
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i Figure 52 R-512E Coated Ch-752 After 60 Simulated Reentry Cycles
| (24000F) Under Extamal Pressure High Stress Conditions

-

100X

Figure 53 R-512E Coated Ch-752 After 60 Simulated Reentry
Cycles (24000F) Under Extemal Pressure/High Stress Conditions
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Figure 54 R-512E Coated Ch-752 After 60 Simulated Reentry Cycles
(24000F) Under Internal Pressure/High Stress Conditions

100X

Figure 55 R-512E Coated Ch-752 After 60 Simulated Reentry Cycles
(24000F) Under Intemal Pressure/High Stress Conditions
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Specimen 1 Specimen 2

Figure 56 Fracture Surface Of Both Specimens With
The Location Of The Areas Replicated.

Area A 4200 Area B 4200

Figure 57 Replicated Fracture Surface Areas Of Specimen 1




Area A Area B
4200 4200X

Figure 58 Replicated Fracture Surface Areas Of Specimen 2

The results of the electron fractographic examination confirmed that
the rupture of Specimen 1 initiated at local brittle regions where the base
material had been contaminated., It also was confirmed that Specimen 2 ruptured
in a completely ductile mode, and that the rupture was not associated with
contamination.

A1l specimens tested to the external pressure condition were not
free of contamination and it must be assumed that these specimens did not
fracture in a completely ductile mode.

In spite of the considerable contamination and cracks in the base
metal due to preferential coating oxidation, the baseline oxidation specimens
withstood the 12,000 psi loading at the end of the test cycle, and usually
80% of the load required to produce 40,000 psi, at the beginning of the next
cycle, before rupture occurred.

Riveted lap shear specimens, as shown in Figure 15 of Section II,
were evaluated under temperature-pressure-stress profile conditions. The
2L00°F maximum temperature profile was used.

The riveted lap shear specimens included two types. One type
employed two flush head 1/8"dia. rivets fit in counter sunk holes in the
.034" Cb-752 material and the other type employed two button head 1/8"
dia. rivets in the ,016" Cb-752 material., Stress calculations showed that
the specimens with the flush head rivets would fail in shear and the specimens
with the button head rivets would fail in bearing, Two coated specimens
of each type were tested at room temperature to produce failure. The average
load required to produce failure for the specimens with flush head rivets
and for the specimens with button head rivets was 1190 pounds and 789
pounds, respectively. This corresponds to ultimate shear and bearing stresses
of 55,000 psi and 114,000 psi, respectively. Based on shear and bearing
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strength data reported by IMIC, yield stresses. were calculated for room
temperature and 24,00°F., A load profile was developed for each type of specimen
which would produce, at R,T., and at Tmax., 66 2/3% of the yleld stress, For
the flush head rivet specimens these stresses were 23,500 psi at R.T. and
7,900 psi at 24L00°F, For the button head rivet type specimens these stresses
were 69,000 psi at R.T. and 16,500 psi at 2400°F,

The load profile in terms of pounds for the flush head rivet type
specimens consists of a steadily increasing load from O to 50 pounds
over the length of the test, Three load peaks are induced, one at Tmax, equal
to 170 pounds and two at R.T,, one at the beginning and one at the end of
ihe profile test each equal to 5C5 pounds, The loading device on our test
facility is limited to 475 pounds in order to maintain accuracy. This deficit
of 30 pounds amounts to 1400 psi in terms of shear stresses which is 6% less
than desired.

The load profile in terms of pounds for the button head rivet type
specimens consists of a steadily increasing load from O to 50 pounds over
the length of the test, Three load peaks are induced, one at Tmax. equal to
114 pounds and two at R.T. one at the beginning and one at the end of the
profile test each equal to 475 pounds.

Four of the flush head riveted type specimens were exposed to the
external pressure, 24,00°F Tmax, profile, and the load profile previously
explained, Due to the eccentric loading produced by the lap, which caused
the riveted joint to rotate so that true shear loading was not produced,and
oxide growth in the faying surface, results of the testing were eratic and
not really conclusive, Structural failure was attained for the four specimens
in 1 1/2, 3 1/2, 4 and 6 cycles, respectively., Results are summarized in
Table XI, Rivet pull-out was responsible for failure in all cases, The
specimen which failed in 6 cycles had slurry painted on the faying surfaces
prior to riveting; this proceeded the coating cycle. Slurry painting of
faying surfaces prior to assembly proved to be an effective method of protecting
faying surfaces and also elimiinates the need for a second coating cycle to
repair damaged rivets. B

A riveted lap shear specimen, with countersunk holes to accommodate
flush head rivets,was coated before assembly and then locally recoated to
refurbish the damaged coating on the rivets. This specimen was tested in the
internal pressure environment at a maximum room temperature shear stress of
23,5000 psi and a 2400°F shear stress peak of 7,900 psi., Testing was
terminated after 20 profiles with no visible signs of deterioration,
except for some rotation of the riveted joint due to the eccentric loading.

An identical specimen tested in the external pressure environment survived only
L, profiles before rupture,

Three of the button head riveted type specimens were exposed to the
external pressure, 24,00°F Tmax. profile and the load profile previously
explained for this type of specimen., Again due to the eccentric loading
produced by the lap, which caused the riveted joint to rotate so that true
bearing loading was not produced, results of the testing were not entirely
conclusive. Structural failure was attained for the specimens after 6,

7, and 9 cycles, Rivel tear-out was responsible for failure in all cases,
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Table X|
Summary Of Lap Shear Specimen Tests
Test No. of
Type No. Ces d cycles Description Remarks
LS tested

034" Stock 4 | EP./HS. 31/2 | Assembled and coated Fracture on mid load of cycle 4
Flush Head
Rivet 7 | EP/M.S. 11/2 Bare faying surface Fracture on mid foad of cycle 2

8 | E.P/HS. b Slurry coated faying surface Fracture on initial load of cycle 7

9 [ B 4 Coated and assembled Fracture on final load of cycle 4

10 | ILP.H.S. 20 Coated and assembled No failure
016" Stock L RS 19 Bare faying surface Fracture on final load of cycle 19
Button Head
Rivet 7 | EPMS. 7 Sturry coated faying surface Fracture on final load of cycle 7

g1 EIP./HS. 9 Coated and assembled Fracture on final load of cycle 9

10 [ E.P./H.S. 6 Coated and assembled Fracture on final load of cycle 6
034" Stock | N.A| E.RHS. 2 Coated and assembled Teminated after 20 cycles
Double Lap No failure
with Threaded
Fasterner

E.P. = External pressure
|.P. = Internal pressure
H.S. = High stress

The specimen which failed in 7 cycles had slurry painted on the faying surfaces
prior to riveting, this proceeded the coatingz cyclc. The upecimens which
failed in 4 and § cycles were coated prior to riveting and then recoated

to refurbish the damaged coating on the rivets, No gross laying surface
oxldation was noted in either case.

A button head riveted lap shear specimen with a known bare faying
surlacc was tested to the internal pressure 2400° prciile environment at a
maximum room temperature bearing stress of 69,00C psi and a 24C0°T Eearing
stress peal of 15,500 psi. The specimens ruptured after 19 profliles, This
commpares to lap shear speciriens with coated faying surfaces which survived 4
to & profiles in the external pressure environment.
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Figure 53 Bearing Area On Sheet Specimen Used In Threaded Fastner Test
After 20 Simulated Reentries In An Extemal Pressure Environment

A threaded fastener joint was assembled in a double lap shear arrangement
and tested to the external pressure 2400°F profile with a maximum room
temperature bearing stress of 69,000 psi and the 24CO°F bearing stress peak
was 16,500 psi. The specimen was tested for 20 profiles with no signs of
oxidation or deterioration. As shown in Figure 59, metallographic examination
of the bearing area in the single leg of the joint showed no gross deterioration
of the coating due to the bearing load. There appeared to be a partial
spalling of the coating at one edge which has allowed a small amount of base
metal contamination.,

b. Mechanical Properties

Mechanical property data for bare and R-512E coated Cb-752
served as a reference to establish load limits, show the effect of coating on
m:chanical properties, and help interpret the test results for the heat shield
panel specimens.,

Tabulated data for the tensile, creep, bend, spot and electron beam
(EB) welded lap shear, and notch sensitivity test are presented in Appendix I.

Elevated temperature tests (1300°F to 2600°F) on all bare specimens
and tests on coated specimens at 1300°F and 1800°F were conducted at a
maximum pressure of 1 x 10~4Torr. Tests on coated specimens at temperatures
of 2400°F and 2600°F were performed in a helium environment at a pressure
of 700 Torr. The helium atmosphere was used to prevent contamination of the
furnace due to coating vaporization.
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Figure 60 Comparison of Tensile Test Data for Bare and R-512E
Coated Cb-752

Test temperatures were measured with a platinum/platinum 10 percent
rhodium thermocouple and a Leeds and Northrup pyrometer. The thermocouple
was tack-welded directly to the specimen for tests conducted on bare specimens
and was tack-welded to a bare dummy specimen, located adjacent to the actual
test specimen, for the tests conducted on coated specimens, Room temperature
tensile tests were conducted at a strain rate of 0.005 in/in/min to yield
(0.6 percent offset) and at 0.050 in/in/min thereafter. Elevated temperature
tensile tests were conducted at a head travel rate of 0.050 inch/minute.

The cross sectional area of the coated specimens was determined by knowing
the original thickness and allowing 0.001 inch/side for base metal consumption
during the coating process.

Figure 60 shows graphically a comparison of tensile test data for bare
and R-512F coated Cb-752, Each data point represents the average of three
specimens tested, The coated specimens displayed a slightly higher Ftu than
did the bare specimens (except at 2600°F), The percent elongation of the
coated specimens was consistently less (approximately 50%) than the bare
coupons. At 2600°F no significant different between the tensile test
results of the bare and coated specimens was observed. Notch sensitivity
tests were conducted at the same head travel rate as for the tensile specimens,
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The comparison of notch tensile strength with ultimate tensile strength B
for bare and R-512E coated Cb-752 is presented in Figure 61, The comparison
was not made at 2400°F and 2600°F, since no drastic notch sensitivity was
detected in the low ductility range of 12-1800°F, Each data point represents
the average of three specimens tested. The notch root radius after coating is
.002", Initial notch root radius before coating was ,0006"-,0007". The
notch root radius of a coated specimen was determined from a metallographic
section as shown in Figure 62, The notch tensile and ultimate strength of the
bare alloy is approximately the same, which shows practically no notch
sensitivity in the uncoated condition. The percent reduction in strength
due to notching was considerably greater for the coated than for the bare
alloy. Notches and/or notch effects are a reality in coated refractory metal
structures and must not be disregarded. The notch strength of the R-512E
coated Cb-752 compared to the coated ultimate strength was high enough
(.90 of ultimate) to indicate good material toughness.

Welded lap tensile tests were conducted at a steady lcading rate
which caused failure in 3+.5 minutes. A comparison of bare and R-512E coated
Cb-752 welded lap tensile data is presented in Figure 63. The two types of
welded specimens employed in this test were electron beam welded and resistance
spot welded. The specimens having a horizontal weld across the one inch width
and the spot welded specimens having two welds along the longitudinal center line.
Most data points are for an average of two specimens because approximately
one-third of the specimens failed through the loading hole during testing.
Welded lap tensile tests, because of the eccentric loading, produce tri-
axial stresses in thg Joint and can therefore be used as a sensitive indicator
of weld ductility. Weld failures observed in these tests were of a ductile
nature., It can be observed that the coating and/or coating process had no |
adverse effects on weld strengths, The spotweld strength approaches the .
electron beam weld strength as the temperature increases, |

Bend specimens (bare and coated) were formed 120 degrees around a
0.031 inch radius mandrel at room temperature. A die
throat opening of 2R + 2-1/2 ¢t and a ram travel rate of 1.0 inch/minute
were used. Neither the bare or coated specimens broke during forming and
displayed no visual cracking in the metal, although as expected the coated %
specimens did exhibit cracking of the coating.

Creep tests on bare and coated specimens at 2400°F and 2600°F were
conducted by Metcut Research Associates Inc., of Cincinnati, Ohio. The
tests were performed in a cold wall vacuum furnace set in a conventional
creep rack in which a hanging dead weight was used to load the test specimen.
The specimen was radiant heated to the desired test temperature by a resistance
heated tantalum sheet element, The furnace was controlled automatically by
means of silicon rectifiers operating on a thermocouple signal.

Creep was measured by a linear variable differential transformer
which sensed the pull bar motion beneath the creep furnace. This output was
fed through a demodulator into a multipoint speedomax recorder. The creep
specimen was loaded after a gradual heat up and a fifteen minute stabilization
period at the test temperature., The load was applied gradually and continually
over a 10-15 second interval by releasing a hydraulic load elevator. The
deformation was rezeroed as soon as the specimen was fully loaded and the
ensuing creep was automatically recorded. The furnace and associated equipment -
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Figure 61 Comparison of Notch Tensile Strength with Ultimate Tensile Strength

for Bare and R-512E Coated Ch-752

Machined radius (prior to coating) 0.0006/0.0007
Radius after coating 0.002

Figure 62 Notch Root of Notched Tensile Specimen after Coating
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Figure 63 Comparison of Bare and R-512E Coated Cb—752 Welded Lap Tensile Data

utilized during the creep test were shown in Figure 26.

Creep data taken at 2400 and 2600°F is compared in Figure 64 which
shows the relationship between stress and the time to creep 2%. There is
little difference between the creep properties of the bare and the coated
material at either 24,00°F or 2600°F, The coating and temperature history of
the coating process do not degrade creep properties of the single annealed
Cb-752 and, if anything, may slightly improve resistance to creep. The
creep rate of bare and coated material is considerably lower at 2400°F
than at 2600°F. T[igure A4 also shows that there is somewhat more scatter
in the 2600°F data than in the 2400°F data., This scatter in the creer data
is typical for high temperature creep measurements on columbium alloys.

When designing columbium alloy structures for reuse capabilities,
complete characterization of the properties of the material from which the
component will be fabricated is essential for reliable performance. This
is due to the fact that properties vary from heat to heat of the alloy. Also
it has been shown that the fused slurry-silicide coating process essentially
has no effect on the mechanical properties of the Cb-752 columbium alloy.
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a HEAT SHICLD PANEL TESTING

Discussed in this section are coating performance results for
various heat shield constructions.

Variations of representative heat shield designs were used to
determine the protection that the R-512E coating will afford to faying surfaces
and joints, These variations involved different methods of attaching
the stiffener to the skin, such as, resistance spot and electron beam welding
and riveting. DRepresentative heat shield configurations selected for
evaluation include single faced flat and vee corrugation stiffened, rib and
stringer stiffened, and riveted channel stiffened panels. Based on the
selected test conditions of stress and temperature, test specimens
representative of the aforementioned variations and configurations were
designed, fabricated, coated, and flight simulation tested., Flight simulation
testing consisted of the simultaneous temperature, pressure, stress,
versus time profiles previously shown in Section II, Figure 19, Results
are summarized in Table XII,

Three single faced flat corrugation stiffened heat shield specimens
were tested at the internal pressure/high stress 2600°F profile condition.
For these specimens, the skin to corrugation joint was made by spot welding.
Of the heat shield constructions being evaluated, the spot welded construction
should be the most difficult to reliably coat. These specimens were tested
through 7 to 12 cycles without coating failure, These tests were stopped
because of excessive permanent deflection due to creep of the base metal.
The variation in deflection per cycle was also excessive, indicating poor
load control.

In order to identify the cause for the unacceptable variation, all
calculations and the test apparatus were checked. It was found that strain
link, which was used to control the loading of the specimen, was not
sufficiently sensitive at the low loads or stress levels. Based on calcula-
tions, about two-thirds to three-fourths of the creep was caused by an outer
fiber tensile stress of 2000 psi, corresponding to a load of only five
pounds (no permanent specimen deflection). Yet the strain link also had to
be capable of operating at a load of 200 pounds (after permanent specimen
deflection) to provide the 40,000 psi stress at the beginning of a test
cycle. (As permanent deflection is induced in the specimen, the load
applied to the scissors must be increased to provide a given outer fiber
stress because the mechanical advantage of the scissors decreases.) The
problem of excessive variation in deflection/test cycle was solved by using
two strain links for control. The large one was used when the 40,000 and
18,000 psi stress is applied at the beginning and end of a test cycle. A
much more sensitive strain link was used when the zero to 6000 psi stress is
applied during the time the specimen is being heated, The small strain link
was made so that a 20 pound load would produce approximately 80% of its
yield strength. The strain links were dead weight calibrated in series with
the strain indicator used in performing the testing., The two strain 1links
can be readily interchanged. This change did not alter the test profile.

Based on the 2600°F creep data, it was calculated that the permanent

deflection resulting from the temperature-load test conditions would be
approximately .010 inch/cycle, or 0.1 inch after ten cycles., About twice
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Table XII
Summary Of Heat Shield Panel Tests

Cycles Total Remarks
Specimen Spec. | Test conditions | Tested Deflection
Type No.
Spot weld 2 I.P. H.S. 8 .045 Furnace failure
Flat 7 I.P. H.S. 12 040 No Failure
Corrugation 9 EYRL RS 10 .041 Reversed load on cycle 7
3 I.P. H.S. 12 .209 Tested at 2600°F
5 RS 3. 7 .209 Tested at 2600°F
6 I.P. H.S. 10 .184 Tested at 2600°F
E.B Weld 3 I.P. H.S. 10 .040 Overstressed on cycles
Flat No Failure
Corrugation 5 5B 4R.S. 17 040 No Failure
b E.P. H.S 15 042 No Faiture
10 [.P. H.S. 15 .040 No Failure
Vee 1 I.P. H.S. 32 .040 No Failure
Corrugation 2 .P. H.S. R .048 Overload on cycle 18
3 I.P. L.S. 40 .040 No Failure
5 I.P. H.S. 16 029 Furnace failure
7 EAPs JHESs 8 .026 Furnace failure
9 BIRS RS 10 .034 Furnace failure
13 EARNHESY Vi .041 No Failure
Zee 1 i.P. H.S. il 040 No Failure
Stringer 2 I.P. H.S. VA 040 No Failure
g SRS 22 .041 Oxidation Failure,
Faying surface
4 I.P. H.S. 19 041 No Faliure
Rib 1 .P. H.S. 38 .040 No Failure
Stiffened Z [ARE [HAS: 5 - .040 No Failure
3 .P." H.S. 48 .040 No Failure
4 EIFL - s, 61 .040 Tested for an additional
{100) (,062) 39 flights = no failure
Riveted 2 EIPARHHESY 51 .040 Detail coated, then assembled
8 EP. i 26 - Oxidation and structural
Channel fatigue. No deflection reading
after cycle 7
10 R o4 041 No Failure
Note;

E.P. = External pressure
I.P. ~ Internal pressure
H.S. = High stress

L.S. —Low stress
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this deflection occurred on the spot welded constructions tested for approx-

imately ten cycles. “his indicates that the applied loads (stresses) were ]
greater than planned., .a spite of the excessive deflections, there were no 2
coating failures, Considering that these are the most difficult to coat

constructions, the performance of the coating is very encouraging. However,

if testing to the 2600°F profile was continued, it appeared unlikely that

coating failures could be produced at realistic creep deflections.

An important consideration in the design of hot spacecraft heat
shield structures, and one which influences structural weight, is the
maximum panel deflection which can occur without increasing the heating
rates over that for an undeflected smooth surface, In one of our advanced
design studies, a permanent deflection criterion had been selected as a guide.
For a twenty inch panel, permissible deflection varied from 0.1 inch at body
station 12 to 0.5 inch at body station 120. The flight trajectory and 1ift
to drag ratio of the wvehicle will also influence permissible deflection,
In terms of the three inch loading span on the test panels, this means per-
missible deflections from 20 mils to 100 mils accounting for the concentrated
loading in this test versus the uniform air loading in flight. OSince there
seems to be no good logic for selecting any certain permissible deflection,
40 mils was arbitrarily selected as the creep deflection limit to which the
majority of the test panels would be tested.

Using the 2600°F test conditions, an unacceptable deflection weculd
result after about four cycles. Continuing to test at the 2600°F condition
would simply confirm that the columbium alloy had a very high creep rate.

Not much would be learned about the ability of the coating to provide pro-
tection to the various heat shield constructions. Therefore, the maximum
temperature in the profile tests was reduced to 2400°F, All the other test
conditions remained the same., This temperature reduction enabled the specimens
to withstand considerably more test cycles before a creep deflection of .04O
inch was reached.

Twenty-five heat shield specimens were tested at 2400°F Tmax. which
produced meaningful data. Several specimens were destroyed as a result of :
electrical and/or mechanical failure of the testing apparatus. Specimens
were tested until a creep deflection of 4O mils was achieved except in cases ?
where the specimen ruptured or where there were initial deflections resulting
from fabrication and/or coating processing or where excessive deflections
occurred during testing which resulted from a known instance of overloading.
In these cases, these deflections were added to the permissible 40 mils.
Total specimen deflection versus number of test cycles or {lights are presented
in Appendix II for each o the tested heat shield specimens, From the four
possible profile combinatzons of stress and pressure, the high stress and
internal pressure combination was chosen as the primary testing condition.
This combination was selected primarily because joint and faying surface
studies were a major objective of the program and joints and faying surfaces
will experience internal pressure environments during actual use. Each type
of panel design was also tested under external pressure conditions. The
large difference in number of flights required to attain 40 mils of creep
deflection from one configuration to another is due to the difference in the
weight efficiency and in the strvss distribution from the outer fibers of
the stiffener (tension) to the outer fibers of the skin (compression). In
all cases, the outer fibers of the stiffeners of the various configurations

70




P

were exposed to the same stress during testing. Due to the different designs
and varying distribution of cross-sectional area from the tensile to the
compressive side of the panels, the stress distributions were different for
different panel configurations. Also none of the configurations were truly
optimumly designed because of the constraints of minimum gauge, and allowable
specimen size. Therefore with these aforementioned facts in mind, one must
know and should remember that the number of cycles required to attain 40 mils
of deflection cannot be used to select a superior structural design.

A comparison was made of the performance of the spotwelded flat
corrugation type panel when exposed to internal versus external pressure
enviromments. The skin to corrugation joint for this type of panel is made
by resistance spot-welding at a spotweld spacing of one-half inch. The panels
tested in the internal pressure enviromment. revealed no visible signs of
coating failure and structural integrity was maintained wp to the creep
deflection 1imit., The panel tested in the external pressure environment was
progressing at approximately the same rate of deflection as the panels tested
at internal pressure for six cycles, The panel was mistakenly installed
backwards in the loading fixture in cycle #7. The panel was apparently
damaged structurally because the subsequent deflection rate increased
approximately sixfold, Columbium oxide growth could be seen in the faying
surface after 9 cycles,

A comparison was made of the performance of the electron beam welded
flat corrugation type panel when exposed to tlre externmal versus internal
pressure environments, The skin to corrugation joint for this type of panel
is made by a continuous electron beam weld running the entire length of the
panel, The faying surface of the electron beam welded flat corrugation con-
figuration is not as difficult to protect from oxidation as the faying
surface of the spot welded configuration because the electron beam welded
Joint is much more rigid. This rigidity prevents opening of the faying
surface when the joint is worked as the loading level changes during flight.
During this testing, structural integrity was maintained and no visible coat-
ing failures were detected. The 14 cycles required to produce 4O mils of
deflection at external pressure compares exactly to the 14 cycle average for
the three specimens tested under internal pressure-high stress conditions.

One of the electron beam welded flat top corrugation stiffened panels
which was tested for 15 cycles at internal pressure-high stress conditions
was examined metallographically., Figures 65 and 66 show the condition of
the coating on the external and internal surfaces of the corrugation taken
parallel and perpendicular to the corrugation direction, respectively. The
first major observable difference is the coating thickness on the exterior
versus interior surface. The coating is almost twice as thick on the
external surface, However, the two mils of coating on the interior surface
was more than adequate to provide oxidation protection for the 15 simulated
reentries,

The effects of stress and bending are noted by the pronounced amount
of cracks in the coating, running in all directions. Figures 67 and 68 are
photomicrographs of the same panel from the perpendicular section, but taken
in the area of the skin to corrugation joint. Coating thickness in
general is slightly greater (1 mil) in the joint area than on the rest of the
skin and corrugation. Base metal contamination can be noted in Figure 67
where the coating has not penetrated and protected the faying surface., This
amount of contamination did not affect the structural integrity of the panel.
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Figure 66 R-512ECoating on Corrugation of Panel After 15 Simulated
Reentries Under Internal Pressure/High Stress Conditions
(Section Made Perpendicular to Corrugation Direction)
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Figure 67 R—512E Coating at Skin and Corrugation Joint of Panel After 15 Simulated
Reentries Under Internal Pressure/High Stress Conditions (Note Base
Metal Contamination)

100X
Figure 68 R-512E Coating at Skin and Corrugation Joint of Panel After 15 Simulated
Reentries Under Internal Pressure/High Stress Conditions (Note Complete
Coating Coverage in Faying Surface)
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A complete contrast to the faying surface coating coverage can be
seen in Figure 68, which is a section taken from the same panel.

The most logical explanation is that the gap between the skin and
corrugation must be large enough to allow penetration of the coating.
Examination, Metallographic of the EB welded flat corrugation panel
which was tested in the external pressure environment revealed large
amounts of contamination where the coating has not penetrated and
protected the faylng surface. However, where there was coating pene-
tration and coverage there was no contamination.

The performance of the rib stiffened type panel was determined
when exposed to internal versus external pressure environments. The
skin to rib joint was made by electron beam welding. There are no
faying surfaces in this panel design. During tests conducted on the
rib stiffened panels structural integrity was maintained and no coat-
ing failures were observable in either the internal or external pres-
sure environments. Performance in the internal and external pressure
environments compares favorably. There was a change in rate of deflec-
tion after 25 to 30 cycles of testing for the panel tested is the  ex-
ternal pressure environment, which is not truly explainable, but may
be related to stability of the rib stiffeners. A cross-section photo-
micrograph of the Joint section of a ribv stiffened panel which has
been subjected to 48 simulated flights in an internal pressure environ-
ment is shown in Figure 69. One of the rib stiffened panels which had
been subjected to 61 flights (the point where the .O4LO" permissible
deflection was attained) in an external pressure environment was ex-

posed for an additional 39 flights. No coating failures were detect-
able after the 100 flight exposure.
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Figure 69 Joint Area Of Rib Stiffened Panel After 48 Flights In An 100X
Internal Pressure Environment
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A photomicrograph of the joint area of a vee corrugation type panel
exposed in an external pressure environment for 29 flights is shown in
Figure 70. The skin to corrugation joint was made by electron beam welding
in such a way that faying surfaces were eliminated. Struetural integrity
was maintained and no coating failures were evident during evaluation of this
panel, The 37 cycles required to attain 40 mils of deflection compares closely
to the 32 cycles required tec produce the same amount of deflection in an
internal pressure enviromment. A photomicrograph of the joint area for the
ranel exposed to 32 flights in the internal pressure environment is shown
in Tigure 71.

There was no decernible difference in the performance of the vee
corrugation stiffened panels when evaluated in the extermal or internal
pressure environments, A vee corrugation stiffened panel was subjected to
the low stress profile in the internal pressure environment and 40 cycles
were required to produce 40 mils of deflection. This is approximately 257
more cycles than was required under the high stress condition. This corres-
ponds to the calculated 25: increase in creep due to the additicnal /4CCC psi
loading at Tpax in the high stress profile.

The performance of the zee stilfened type panel was studisd vhen
cxposed in internal versus external pressure enviromments., The stiflener to
skin joint is made by rasistance spotirelding at a spotveld spacing of one-
half inch, Perfermance of these panel specimens was very reprcducitle. Three
panels tested in the imternal pressur: snviromment reguired 19, 21 and 23
cycles of exposure to attein LG mils of deflection, while the panel exposed
at externtl pressure required 22 cycles, The non-uniforwity of deflection per
cycle for this type of specimen can be attributed to buckling of the skin and
resultant movement ol the deflection measurement point,

This buchling occurred in the skin on one side of the speclmen because
the skin was not supported or reinforced by the stilfener along this side.
This was 2 limitation of the design for this size specimen. The zee stiflened
specien exposed to the external pressure enviromaent revealed columbium oxide
growth in the faying surface after 8 cycles of testing, After two more cycles
of testing the skin was ruptured by the oxide growth, This area gradually
increased in size as testing progressed through 22 cycles, This specimen is
shown in Figure 72 after the 22 cycles of testing. Note that the specimen did
not break in spite of the extensive oxidation of the skin. The specinens
exposed in the internal pressure environment showed no visible signs of coating
failure nor was structural integrity lost.

The performance of the riveted type panels during exposure in internal
and external pressure environments was studied.

The skin to stiffener joint was made by flush head rivets in
dimpled holes at a rivet spacing of .9 inch. These specimens were assembled
prior to coating. No coating failures were observed and structural integrity
was maintained for the specimen exposed to the internal pressure-high stress
condition, For the specimen exposed to the external pressure-high stress
condition, visible coating failures developed in the faying surface after
t.wo cycles of testing. After one more test cycle the oxide growth in the
faying surface had buckled the skim to the point where it was splitting open
at several locations., This bukcling and cracking became so severe that
deflection measurements were no longer meaningful after 7 test cycles. The
specimen is shown in Figure 73 after 11 test cycles had been completed.
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Figure 70  Joint Area Of Vee Corrugation Stiffened Panel After 29 Flights
in An External Pressure Environment

Figure 71 Joint Area Of Vee Corrugation Stiffened Panel After
32 Flights In An Intemal Pressure Environment
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Figure 73 Rivet Heat Shield After 11 Simulated Flights In An External Pressure Environment

Testing continued until 26 cycles or simulated flights had been com-
pleted, at this time structural integrity was lost. The fact that
this specimen maintained structural integrity after extensive base
metal oxidation was surprising. Apparently the specimen lost its
rigidity during the last few test cycles due to the consumption of
columbium by oxidation and readily deflected elastically so that the
scissors loading fixture straightened out and could no longer fully
load the specimen.

The riveted channel specimen which was exposed to the internal
pressure environment required 52 flights to produce 40 mils of deflec-
tion. After test the specimen, quite unlike the panel tested in the
external pressure environment, was intact and showed no visible signs
of oxidation. Metallographic examination revealed consideratle con-
tamination in the faying surface between the skin and channel stiffener.
This contamiaation is shown in Figure 74 in an area adjacent to one of
the rivets.

The riveted panel configuration produces a faying surface between
the skin and stiffener which is eight-tenths of an inch wide. As
determined by testing in the internal and external pressure environ-
ment this faying surface cannot be protected by the R-512E coating when
applied after assembly. That is after the skin and stiffener had been
joined together by riveting. Therefore, a riveted heat shield panel
wvhich was prepared by a different assembly coating sequence was tested.
The details (skin, stiffener, and rivets) were coated with R-512E
coating prior to assembly. The details were then Joined by inserting
and squeezing the rivets. The coating on the rivets was damaged dur-
ing this operation and was repaired by locally applying R-512E slurry
on each rivet and refiring per the normal coating process (1 hour-
2580°F). The heat shield specimen was then exposed to controlled
temperature, air pressure, and stress simultaneously per the high
stress and external pressure profile conditions shown in Figure 19
of Section II. No coating fallures were observed and structural integ-
rity was maintained for 51 cycles of exposure. A cross section photo-
micrograph of a rivet and adjoining area after exposure to the 51
cycles 88 shown in Figure 75. The damage to the coating on the ends
of the adjoining sheet from the riveting operation was minimal. The
reapplied coating on the ends of the rivet sufficiently sealed the
rivet shank and adjoining areas and prevented oxidation in this area.
The riveted specimen which was coated after assembly and was tested
under high stress-external pressure profile conditions survived only
two cycles before oxidation in the faying surface was visually detec-
table. 78
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Figure 74 Riveted Heat Shield Specimen After 52 Flights L

In An Internal Pressure Environment

In order to obtain maximum performance from the R-512E coating on
faying surfaces of large widths, which are formed by thin gauge material and
are exposed to bending stresses in an external pressure enviromment, positive
means of coating the faying surfaces must be employed.

The influence of specimen design or configuration had no effect on
coating performance, as judged by visual observation or by loss of structural
integrity in the internal pressure-high stress reentry envirorment. This is
due to a low rate of columbium oxidation with no gross columbiuwn oxide formed
at the low internal pressures, Post test destructive evaluation did reveal
some base metal contamination in the faying surface of the flat corrugation
stiffened design where the coating had not completely penetrated or sealed
the Joint, It can be assumed that the faying surfaces of the zee and
riveted configurations also had base metal contamination in the faying surfaces
after exposure in the internal pressure environment, because these faying
surfaces are of much greater area than those on the electron beam welded flat
corrugation panel., However, the structural integrity was maintained for 52
or more flights for the riveted construction which has the greatest faying
surface area.

The testing of all the different heat shield configurations in the
external pressure enviromment did allow the determination of a discernible
influence of specimen design or configuration on coating performance. This
discernible influence was evidenced by columbium oxide growth in the faying
surface, It must be remembered that testing of joints and faying surfaces
areas in the external pressure environment is not truly representative of the
actual flight environment exposure for joints and faying surfaces. Typically
Joints and faying surfaces in actual flight see internal type pressures. The
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specimens with the largest faying surface area (riveted construction) showcd
the earliest coating failures. The specimens with the second largest faying
surface area (zee stringer stiffened) showed coating failures ncxt, etc., all
the way down to those specimens which lave no faying surfaces. The specimens
which have no faying surfaces showed no failures in the external pressurc
environment for exposures up to 61 flights.

3. IFFECTS OF LOCAL COATING RIMOVAL

The effect of local coabing damage or 1oss on the structural
integrity of coated refractory metal hardware is an important consideration
in any actual flight program and one hich has been largely overloolked to date,
As coated refractory metal structures are required to perferm multi-missions,
the ability to judge structural adequacy in relation to local coating darage
becomes even more important.

With respect to coating danmage or loss effccts on the siructural
integrity of columbium alloys, two rain points must be considered. The [irst
is the contamination of the columbiua substrate with oxygen and ritrogen and
the embrittlement which this causes. The initial eflect is strengthening of
the substrate with an accompanying loss ol ductility, followed by detcrioration
of the strength. The second consideration is tiie oxidation of columbium leading
to a reduction in the load bearing crcss section. The first
consideration, contamination, is the most luportant aspect in a reduced prescure
enviromment. The loss of colurbium cross section dus to gross oxidation is
small compared to the depth of contandnation which is usually scveral tines
greater in volume. In both damage considerations, the atmosphere must come in
contact with the substrate by passing through the coating or bty the coating
being totally absent. For this program ccating damage was induced bty mechan-
ically removing the coating in a local arca so that the variable of defect
size can be precisely defined.

A method of abrasive blasting with aluminun oxide grit was investigaved
and procedures developed to produce the desired coating removal. Apparatus
was assembled, showin in Figure 76, which allows the specimen to be held
firmly in place a fixed distance (1.5 mm) from the abrasive blasting nozzle,
The nozzle movement is controlled in the vertical and horizontal directions
so that exact alignment with a predetermined area can be attained. The nozzle
diameter is 20 mils which allows a coating damage area of 30 mils in diameter
to be induced. Aluminum oxide grit used is -200 mesh. Surface and edge
defects induced by this method are shown in Figures 77 and 78 respectively.
The coating was completely removed down to the base metal,

Discussed in this section are the effects of local coating removal
on baseline stress oxidation spccimens and on heat shield panel specimens.,

a. Baseline Zpecimens

.A summary of baseline stress oxidation specimens which were tes i
shown 1n.Table AIII. ZPaseline stress oxidation spccimens (tensile typZ?dwiich
had.coatlng removal sites (30 mils in diameter) were exposed to the 2400°F
maximum temperature-high stress-external pressure profile environment Fach
specimen had one coating damage site located either on the edge or on.a surface
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Figure 76 Set-up for Inducing Coating Damage

Figure 77 Small (30 Mil Diameter) Surface Coating Damage Site
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Figure 78 Small (30 Mil Diameter) Edge Coating Damage Site

Two tensile specimens which had coating damage sites located on one
surface equidistance from each edge ruptured through the damage site
during the initial loadings of the eleventh and twelfth cycles. The
tensile specimen with the damage site on the edge ruptured through
the damage site during the initial loading of the twelfth cycle.

A large coating damage area (.375 inch in diameter) was induced
on one of the baseline stress oxidation specimens which in turn was
exposed to the 2400°F maximum temperature-high stress-external press-
ure profile conditions. Rupture occurred through the damage site
during the 6000 psi stress peak in the middle of the fifth cycle. It
is encouraging to know that structural integrity is retainecd for this
length of time with a coating damage area that spans 75 percent of

the specimen width on a specimen which had only 9 mils of base metal
thickness after coating.

For comparison baseline stress oxidation specimens without coat-
ing damage areas had rupture times from 35 to 60 plus cycles in the
high stress-external pressure environment. Therefore local coating
damage had a significant detrimental effect on the performance of
R-512E coated Cb-752 specimens under tensile stress in the external
pressure environment. Coating damage size also was significant.
However, the size (width) of the specimen must also be considered;
even tho 30 mil damage site represents a significant fraction of
total coating cross section.

Baseline stress oxidation specimens (tensile type) which had
coating damage sites were exposed also to the 2400°F maximum temper-
ature-high-stress-internal pressure profile environment. Each speci-
men had one coating damage site. Two of the specimens had small
(30 mils in diameter) damage sites, one on a surface and one on an
edge. The other specimen had a large (.375 inch in diameter) damage
site. The specimen with the small surface damage site ruptured
during the initial loading of the fiftieth cycle. Failure did not
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Table X111
Coating Damaged Tensile Specimens

No. of
Test cycles
No. cond.* tested Coating damage Remarks
1 E.P./H.S. 1 Small damage on edge | Terminated test after 1 cycle, no
apparent oxidation
2 I.P./H.S. 60 Small damage on edge Fracture on initial load 61st cycle
3 E.P./H.S. 3 Small damage in center | Terminated after 3 cycles, no apparent
oxidation.
4 I.P.H.S. 49 Small damage in center | Fracture on initial load 50th cycle
5 E.P.M.S. 11 Small damage in center | Fracture on initial load 12th cycle
6 LN 61 Large damage (3/8'" dia.)| Fracture on initial load 62nd cycle
in center
7 B/ hE: 10 Small damage in center | Fracture on initial load 11th cycle
8 | EP/MHS. | 41/2 | Largedamage (3/8" dia.} Fracture on mid load &h cycle
in center
9 E.P./H.S. 11 Small damage on edge Fracture on initial load 12th cycle

*E.P./H.S. - External pressure high stress

[.P./H.S. = Internal pressure high stress

occur through the damage site. The specimen with the small edge damage
site ruptured through the damage site during the initial lecading of the
sixtieth cycle. The specimen with the large damage site ruptured during
the initial loading of the sixty-second cycle. Again failure did not occur
through the damage site. A photomicrograph of the specimen tested with
the large damage site is shown in Figure 79. Contamination has occurred
but no gross oxidation has occurred. Local coating damage or removal
does not appear to have any significant effect on the performance of
R-512E coated Cb-752 specimens under tensile stress in the internal
pressure environment. Damage size does not influence the structural
integrity under these conditionms,

With respect to damage site location, there does not appear to be
any significant effect on structural performance when the damage area is
on the surface or on the edge. However, all specimens with edge damage
fractured through the damage site, while the specimens with surface damage
sites did not follow this pattern. This indicates that a notch eifect
is created by the edge damage sites.

b. Heat Shield Panels

Heat shield specimens with the small (.030" dia.) and
large (.375" dia.) coating damage sites were evaluated. The 2400°F maximum
temperature high stress and external pressure profile was used primarily.
Specimens were tested to an accumulated creep deflection of 40 mils. The

external pressure environment as was determined by the baseline tensile tests.
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Figure 79 Section Through Large Damaged Area (.375"' Dia.) After 61 Cycles In
An Internal Pressure — 24000F Environment

Since only the external surface of a heat shield penel will experience
external pressures, damage sites were induced on the external surface
and edge of the heat shield panel skins., A summary of the results of

testing heat shield specimens having coating damage is shown in Table
XIvV.

Figure 80 shows the performance of spot welded flat corrugation
stiffened type panels with and without a damage site when exposed to
the high stress-external pressure conditions. The damage site was
located directly on a spot weld in the center of the panel and was
30 mils in diameter. There is an indication of a strengthening effect
due to contamination in the base metal, as 21 cycles or simulated
reentries was required to produce 40 mils of deflection as compared
to 13 cycles for the undamaged panel. It should be remembered that
the skin of the panel is experiencing compressive stresses and loss
of strength would be caused only by loss of load bearing material.
After eight or nine cycles the oxide growth in the faying surface,
which became evident, probably had an over-shadowing effect. After
19 cycles the oxide growth was becoming rather severe as the skin was
buckling and cracking. As can be seen from the increase in deflec-
tion rate, the structural integrity was becoming affected in the last
couple of cycles.
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Table XIV
Summary Of Damaged Heat Shield Specimen Results

No. of
Type No. Test cycles Coating damage Remarks
Cond. tested
Spot welded 41 EP.MS. 10 Small damage on Terminated with .040" deflection
flat corrugation weld
10| E.P/H.S. 2 Small damage off | Terminated with .040" deflection
weld
11| EPMS. 16 Small damage on Terminated with .033'" deflection,
edge overload on cycle 17
12 | E.P.M.S. 23 Small damage off Terminated with .040"" deflection,
¢ weld cracking of skin
E.B. welded 71 EP/MS. 13 Small damage on Terminated with .040" deflection
flat corrugation edge
11 | EP./HS. 6 Small damage on Terminated with .018" deflection,
weld overload on cycle 7
13 | E.P./HS. 4 Small damage on Malfunction ot loading mechanism
weld
16 | E.P./H.S. 11 Small damage off Terminated with .040"" deflection
weld
18 | EPAMS. 5 Small damage on | Malfunction of loading mecharism
edge
+—
E.B. welded 10 | E.P./H.S. 41 Small damage off Terminated with .040'" deflection
Vee ¢ rrugation
11 | EP./MS. 37 Small damage on Terminated with .040"" deflection
weld, repaired
12 | E.P./H.S. 49 Small damage on Terminated with .040"" deflection
weld
.4 Oventemperature on cycle 7
. 16 | EPMS. 2 Large damage (37" \eminated because of substrate
diameter) consumption by oxidation
Zee stiff- 8 | EP/H.S. 20 Small damage on Terminated with .040" deflection
ened weld
Rib stiff- 5 | EPMS. 58 Small damage on Terminated with .040"" deflection
ened weld
6 | EP.H.S 57 Large damage (3/8"| Fractured due to substrate
diameter) .consumption by oxidation
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Figure 81 shows the performance of a spot welded panel with an edge
coating damage site located centrally between the ends of the panel on the skin.
Structurally the skin on the edge of a panel that extends beyond the skin-
corrugation joint contributes very little for it is essentially free to
buckle or to bend. As can be seen, the damage site on the edge had essentially
no effect on the structural performance of the panel.

Flectron beam welded single faced vee corrugaticn stiffened heat shield
specimens were evalrvated with small (30 mil diameter) coating damage areas.
Damage areas were located directly on a weld and between welds or corrngations.
Forty one (41) cycles were required to produce 40 mils of deflection
in the panel with the damage area located between welds, Forty nine (45)
cycies were required for the panel with the damage area on a weid, Vee
corrugated panels without damage areas required 30 cycles to produce 4C mils

of defllection. Apparently the coating damage is allowing an amount of contamina-

tion of the colurbium significant enough to change the creep properties, *
ricrosection through thc small damage area of the panel that was tested for 4%
flights is shown in Figure 32, Columbium oxide (Cb20s5) can be seen in the

area where the coating was removed. Oxygen and nitrogen have diffused into the
metal (skin and corrugation) to the points where the dark bands are present.
This degree of oxidation and contamination did not have any effect on the
structural integrity of the panel, The oxide was visibly detectable aflter

the second or third flight simulation. In the internal pressure environment
where the amount of oxygen is much less a corresponding lesser amount of
oxidation and contamination takes place,

A large damage area (,375 inches in diameter) was induced on the skin
side of a wvee corrugated panel and exposed in the external pressure environment.
The panel survived through six cycles without any noticeable effect except
oxide growth on the damage area. During the seventh cycle the furnace over-
heated to 2800°F and the oxide on the damage area became molten, reacted and
consumed the skin beneath the damage area leaving a hole in the skin. Testing
was continued at 2400°F and the panel maintained structural integrity for 15
more cycles., The panel actually never ruptured but consumption by oxidation
had progressed to the point where the panel was deforming elastically and the
loadirg lizture could no longer apply the desired stresc,

A spotwelded zee stringer stiffened single faced heat shield panel with
a small (30 mil diameter) coating damage area located on the skin side,
directly on a spotweld,was evaluated., Twenty two (22) cycles were required
to produce a deflection of 4O mils. This compares to the 21-24 cycles required
to produce 40 mils of deflection in the undamaged panels tested under the same
conditions, As has been mentioned previously columbium oxide growth in the
faying surfaces of this type of construction over-shadows or hides the effect
of the small coating damage area.
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Figure 82 Microsection Through .030"" Diameter Coating Removal After
49 Flights Under External Pressure — 24000F Profile Conditions

A rib stiffened heat shield with a small coating damage area located
on the skin side directly on the weld which joins the skin to one of the rib
stiffeners was evaluated. Fifty-eight cycles was required to produce a
deflection of 36 mils, Fifty to fifty-five cycles were required to produce
40 mils of deflection on the undamaged rib stiffened panels, The rib stiffener
which was directly above the small damage area became contaminated more and
more as testing progressed and prevented the panel from bending uniformly.
This is because the contamination causes a strengthening of the columbium.,
Testing was terminated because the loading fixture could not function pro-
perly with this warped panel.

A rih stiffened heat shield panel with a large (3/8" diameter) coating
damage arca on the skin side was evaluated, Oxidation, contamination and
stress caused the columbium metal directly beneath the coating damage to be
destroyed. Actually it just popped-out as a 3/8" diameter plug of contaminated
metal, This occurred during the seventh cycle. As testing progressed the
hole grew larger and on the initial loading of the 57th cycle the panel broke
or fractured, It is quite apparent the metal (Cb-752) can tolerate a con-
siderable amount of contamination before it can no longer function as a
structursl material.,

Depending upon size, the loss of coating effectiveness on external
panel surfaces can reduce the reuse capability of the heat shield., The small
(.,030" diameter) areas of coating removal had no effect on the reuse capability.
With a large damage area (3/8" diameter) the small heat shield panel failures
were slow and required a number of flights, Coating failures on external
surfaces can be readily detected by visual examination due to the distinct
yellowish coloration of the Cbp05 formed at the failure site., In general,
the structural integrity of coated columbium is very tolerant of the local
absence of coating or the local loss of coating effectiveness,
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L. REPAIR COATINGS

Field type repair coatings were evaluated to determine if local coating
damage could be effectively repaired and returned tc normal service, A glass
sealed flame sprayed ceramic oxide type repair coating was evaluated. Sealed
flame spray repair coatings consist of flame spraying the damaged area with
an oxide coating and overcoating, by brushing or spraying, with a glass slurry
which has a fairly low melting point but which retains a high viscosity at
high temperatures, Thus the glass is held in the porous flame sprayed cca ting
and a self-healing quality is achie ved due to the mobility of the viscous glass.
Small (.030" dia.) and large (.375" dia.) coating damage sites were induced on
R-512E coated Cb-752 coupons. The small damage sites at edges and on surfaces
were coated with just the glass slurry and tested at 2500°T -one atmosphere
air., Protection was afforded for 29 one hour cycles. In order to obtain
protection on the large damage sites a pre-coating of flame sprayed AlpOj
was required before the glass slurry is applied. Without the flame sprayed
pre-coating, the glass spalls due to the rapid heating and cooling associated
with the cyclic conditions of testing. With the glass sealed flame spray
repair coating, oxidation protection was obtained for 20 hours at 2500°F,

Two baseline stress oxidation tensile spccimens, one with a small surface
damage site and one with a small edge damage site were repair coated with the
brush-on glassy type repair coating prior to testing. The specimen with the
repaired surface damage ruptured during the initial loading of the thirty-fifth
cycle and the specimen with the repaired edge damage site ruptured during the
initial loading of the thirty-sixth cycle. This compares to eleven and twelve
cycles for unrepaired speccimens. THe specimen with the repaired surface
damage site did not rupture through the damage site, while the specimen with the
repaired edge damage site did, again indicating some notch effect due to edge
coating damage. Repair coatings were not investigated under internal pressure
conditions.

The deflection versus number of cycles or flights is shown in Figure 83
for a spotwelded panel which had a repair coated damage site. The damage site
was located directly on a spotweld. The repair coating prevented any significant
amount of contamination from occurring,for the structural performance was very
similar to the undamaged panel.

A photomicrograph through a small damage area on a vee corrugation panel
that has been repair coated with the brush-on glassy repair is showm in
Figure 84 after 37 flights in the external pressure environment. A considerable
amount of contamination is present but there is not formation of the bulky
Cb2045, as was observed in Figure 382, The repair glass doesn't appear to have
completely filled the coating damage site. Had the damage site been filled with
the glass, no doubt the repair would nave been more effective, Undamaged vee
corrugation panels normally took 30-32 cycles or flights to attain 40 mils of
deflection while this repaired one required 37 flights,

5 NON-DESTRUCTIVE TISTING (NDT)

]

Discussed in this section is the non-destructive measurement of coating
thickness.

Non-destructive test techniques were utilized to deterniine coating
thickness before testing, between cyclic esposurces, and after oxidation tests,
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Figure 84 Microsection Through Repaired Damage Site After 37 Flights
In An External Pressure Environment

AVCO Corporation had determined that the most prominate mode of
coating failures in the R-512E/Cb-752 system is related to thin
coated edges (References 14 and 15). A thermo-electric device
which works on the Seebeck principle was used to measure coating
thickness on edges and/or surfaces of "as coated" specimens.

The thermo-electric device requires electrical continuity to func-
tion therefore cannot be used on coatings after they have been
exposed to oxidation because of the non-conductive oxide film
which forms on the surface. A dermitron or eddy current device
was used to measure coating thickness on flat surfaces of coated
specimens before and afte * exposure to oxidizing environments.

Baseline oxidation tests which were conducted include static,
slow cycle, reduced pressure profile, and reduced pressure-stress
profile. All specimens used in the baseline tests were surveyed
with the thermoelectric device, with particular attention given
to the edges (See Appendix III Table XXX). The standard oxidation
type specimens (1-1/2" x 3/4") had top edge (with respect to dip-
ping orientation) thicknesses that were only 1/6 to 1/3 of the sur-
face coating thickness (3-3.5 mils). The thinnest coating found
on each specimen was always on the top edge. As a result all coat-
ing failures were edge failures. Coating lives obtained were not,
however, considered low.

93



observed were on the thinly coated top edges. No correlation of failure
could be made with change in coating thickness because this is an area
where changes in thickness could not be monitored.

Detmitron coating thickness measurements were made on specimens (See
Appendix III, Table XXXI) tested in the external pressure environment after
every 5 cycles up to 50 cycles, There was a noticeable increase in coating
thickness ranging from .8 mils to 1.4 mils per side. This is explained by
coating oxide growth and diffusion zone growth.

Dermitron coating thickness measurements were made on temperature-
pressure-stress oxidation test specimens which were exposed to intermal and
external pressures at 2600°F and 2400°F Tpax. profiles (see Appendix III, Tables
. XXII and XXXIII respectively, The 2600°F still showed thickness decreases

in the internal pressure environment and increases in the extermal pressure
environments, At 2400°F a slight thickness decrease was detectable in the
internal pressure environment with practically no change in coating thick-
ness in the external pressure environment. The location of failure or fracture
of these stress oxidation specimens could not be correlated with any of the
coating thickness measurements made. Visual detection of columbium oxide on
edges were definite indications of where fracture would occur., Fracture would
occur 2 to 5 cycles after the oxide was detected.

Dermitron and thermoelectric coating thickness measurements were made
on all heat shield panels tested. The Dermitron measurements proved to be of
little value over what had been learned on the baseline test specimens.

. Thermoelectric coating thickness measurements on three panels of each of the

five configurations (see Appendix III, Tables XXXIV, XXXV, XXXVI, XXXVII,
and XXXVIII) were examined and compared. Thickness measurements on the skin,
edges, and stiffeners were examined. Coating thickness uniformity on all
configurations was excellent, Edge thicknesses approached those on the flat
surfaces, Careful examination of the measurements does however, reveal the
dipping direction for each panel. The lower edge coating thickness is
slightly thicker, The corrugation stiffened panels (flat and vee shaped)
show an average ccating thickness increase of approximately .4 mils per side

over the other configurations. This can only be explained by a geometry/
drainage effect, .
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SECTION IV

EMITTANCE STUDIES

The total normal emittance of Sylvania's R512F coated columbium
Cb-725 alloy was measured from 1600 to 3000°F, at reduced pressures and

under simulated flight profile conditions, using an integral cavity
emissometer,

The objectives of the emittance study were to calibrate the
emissometer and to measure the emittance and emittance variations of fused
slurry silicide coated columbium, The emittance of the coated columbium was
determined at various conditions to include the temperature range of 1600
to 3000°F, .various pressures, slow heating and cooling, and at time~temperature-
pressure profiles representative of lifting reentry, The effect on ¢ dttance
of variations in the coating processing was determined also. 4n important

task was the determination of emittance under simulated flight conditions for
up to 20 flights,

The emissometer (Refercnce 18) used was developed about four years
870, and it has been used ertensively for high temperature emitlance
measurements at various pressure conditions and for both rapid and slow
specimen heating. Reentry vehicle time-temperature-pressure profiles bave
been,closely simulated. The emissometer utilizes an inductively heated
specimen in a controlled atmosphere enclosure, having a reference radiation
cavity integral with the specinen, collects the radiation emitted by the
specimen and the reference cavity with a precision optical system, and
accurately measures the radiation intensities.,

However, it is extremely difficult to use this technique when the specimen
temperature must be changed rapidly and frequently as required in a simulated
reentry profile, Our solution to this problem was to integrate the reference
cavity into the Specimen so that both are at the same true temperature and are
viewed through the same optical system so that any contamination of optical
components will be compensated for. The major problem in using an integral
reference cavity is making sure that it has stable and reproducible radiative
properties &t high temperature and in a chemically active environment. This
problem was effectively solved by fabricating the reference cavity from dense
high purity aluminum oxide whose radiative properties are well-known and are
stable at high temperatures, Tlre reference cavity was studied analytically to
determine the magnitude of the longitudinal temperature gradients and the
resultant emittance of the cavity as a function of temperature. In addition,
the reference cavity was evaluated experimentally by comparing it to a primary
blackbody whose emittance was accurately known ( ¢ = 0.997 + 0.002). The
overall accuracy of the emissometer was verified by measuring the emittance

of polished platinum, tungsten and graphite,
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1. DESCRIPTION OF THE EMISSOMETER

The specimen was in the form of a 0.5" diameter cylinder, as
shown in Figure 85, having a small aluminum oxide reference cavity mounted
in the front face and supported by an aluminum oxide rod attached to an
adjustable specimen holder. Each reference specimen cavity was fabricated
to maintain a cavity length to radius ratio of 5.00.

Emittance measurements were made, at a specific temperature, by
comparing the emitted radiation from the reference cavity to that from the
specimen area adjacent to the aperture of the cavity. This was accomplished
by the optical system shown in Figure 86. Temperature of the reference
cavity was measured with an optical pyrometer which was calibrated by a NBS
secondary brightness temperature standard (tungsten strip lamp) placed at
the specimen position. The temperature uncertainty associated with the
standard was + 16 degrees at 3100°F, The emitted radiation was chopped and
the signal generated by the thermopile detector measured with a lock-in
amplifier.

The specimen was heated by a 15 kva radio frequency generator operat-
ing at a frequency of 450 kHz. The induction coil was external to the sample
chamber as illustrated in Figure 87, The sample housing consisted of a quartz
sample chamber, equipped with a back flow inlet for controlled gas flow
capabilities, and copper, water-cooled end supports. One end of the support
connected to the vacuum system, and the other contained a calcium fluoride
window for sample observation,

The vacuum system consisted of a mechanical fore pump which was coupled
to the specimen chamber through a cold trap to prevent oil vapor backstreaming.
A pressure of 1 to 360 torr could be maintained with this system.

Variations in chamber pressure required for reentry simulation was
accomplished by introducing air through a small inlet in front of the specimen
so that the air flowed past the specimen before leaving the chamber. The
pressure range of the system was from 1 to 360 torr which was adequate for
similation requirements. The air inlet was equipped with a calibrated flow
meter.

A high temnerature emissometer annaratus is shown in Figure #2. Emitted
radiation from the heated specimen exits through a calcium fluoride window in the
specimen housing, is mechanically chopped (13 Hertz), and then falls on a plane
scanning mirror which is manually rotated between limiting stops. This permits
observation of first the specimen and then the specimen reference cavity. The
radiation is then collimated and refocused by a pair of off-axis parabolic
mirrors, the radiation beam is partially reflected by an infrared beam splitter
which transmits visible and reflects infrared radiation. The transmitted portion
reaches the disappearing filament, microoptical pyrometer, thus enatling in situ
specimen observation as well as temperature measurement. The reflected portion
of the beam falls on the receiver of a thermopile detector placed at the focal
point of the second off-axis parabolic mirror. The detector is a Reeder RP-5W
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Figure 85 Sample and Adjustable Holder
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Figure 86, Optical ArrangemenAt

type with a 0.2 x 2 mm receiving area in an evacuate
potassium bromide window., The signal from the thermopile detector is '
measured with a lock-in amplifier, Background radiation is determined by ]
blocking the optical path with a mirror facing the thermopile. This back-
ground mirror slides manually in and out of the optical path (Figure 87 ).

d casing having a

For ease of optical alignment of the emissometer system, a helium-
neon laser was used as shown in Figure 90. The optical path of the radiation
was readily observable because of the high intensity and collimation of the
laser light, and adjustments of optical components are easily made. The

optical pyrometer was calibrated for optical system losses with a tungsten
filament strip lamp.

(a) Analytical Treaiment

A brief analytical description of the basic p
. for the emissometer used are as follows:

rinciples inveclved
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The spectral radiance of a blackbody, for randomly polarized radiation
is piven by Planck's equation:
4 -1
el
by | ®

where:

o
il

] Planck's first radiation constant (3.740 x 10~12 watt cmz)

= Planck's second radiation constant (1.438 cm degree Kelvin)

Q
N
|

= Albsolute blackbody temperature (°K)

3
'
|

The total sample radiance, J, can be computed by interrating the spectral
radiance, as given by Equation 1, over all wavelengths:

4
o] =
J =/NA dA = a'rl

o
where:

Stefan~Boltzan constant (5.67 x 10712 vatt em™? °k 'l*)

= Total radiance (watt cm"2)

[
[
|

Cavity temperature uniformity 0.1% of set temperature

Cavity temperature range 1832 to 5432°F

Cavity temperature stability 0.1% of set temperature

Cavity emissivity 0.99 + 0.0

Cavity diameter 1/2 inch

Aperture diameter (inches) 0.2, 0.1, 0.05, 0.025, 0.0125

Window material (removable) calcium fluoride

Window spectral response 0.2 to 11 microns

Field of view 10 degrees = nominal

Sensing probe silicon photovoltaic detector

Type of control continuous, electronic
proportional control

Warm-up time (to 5432°F) 1-1/2 hours (31°F/min)

Figure 89 Specifications EO Model 146
Blackbody Radiation Source
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Figure 90 Cavity Geometry of EO Model 146 Blackbody Radiation Source

This is known as the 3tefan Boltzmann equation and is the basic relation
used for total emittance measurements. The emittance of a sample is defined
as the ratio of its spectral radiance to that of a blackbody at the same
atsolute temperature, wavelength and viewing semetry. lMathematically this
is given by:

A2
f € (,6) N9 aA
A 5
1
fm - H 0=0
Ao ’
f NQ aa
Al
where:
€
™N = Total normal emittance
)‘l: A2

= limiting wavelength as defined by the optical components of
the emissometer

€(\,8) = Directional, spectral emittance ¢f the sample

162
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The total brightness of the sample, B, is given by:

J
Ji B=5x

and is expressed in watts em™2 steradian ~1.

If a sample, having a given brightness, By, is observed through an imaging
optical system, which collects the radiation emitted by the sample over a
solid angle, w , and a finite sample area, A, the total irradiance, H, at
the image plane of the optical system is:

7 Bwh
= A SEEe
m
where:
T = Mean transmittance of the optical system over the wavelength
inlerval defined by Al and Aop-
m = lateral magnification of the optical system.

It should be noted that the effects of optical aberrations have not been con-
sidered since the optical system utilizes off-axis parabolic mirrors. If a

detector is positioned such that its receiver is at the image plane, a voltage, V,

will be generated which is proportional to the total irradiance incident on
the receiver:

V = KH
where:

K = Proportionality constant

In the case of the integral cavity emissometer, both the reference cavity
and adjacent sample are observed under the viewing conditions and at the

same absolute temperature so that the resulting background corrected signals
for these two sources are as follows:

e

™
2

Sample: Vp = Kplly = KpTp€oT “’2/
Reference Cavity: V3 = K3H3 = K373ejng(u3

ner
2

Taking the ratio of the preceding voltages:

Vo K, K e

V3T K3 T K3 €3
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This equation shows that if the proportionality constant, K, is independent of
irradiance, i.e., linear, then the ratio of the background corrected signal
voltages can be used to measure the emittance ratio of the reference cavity
and the sample. If the emittance of the cavity is known, then the emittance
of the sample can be determined.

2, CALIBRATION OF THE EMISSOMETER

(a) Primary Blackbody Calibration - The primary radiation cavity
used for calibrating the specimen reference cavity was purchamed from Electro-
Optical Industries, Inc., of Santa Barbayra, California., The specifications and
cavity geometry are shown in Figures 91 and 92 respectively. A complete block
diagram of the system is shown in Figure 93. Evaluation of the primary
blackbody was necessary because it was utilized to calibrate the aluminum oxide
reference cavity.

The primary blackbody consisted of a conical cavity having an apex
angle of 25° 50' and a depth of 1,125 inches. It is fabricated from high
purity graphite and can be operated at temperatures up to 4940°F when protected
with an inert gas environment. The manufacturer states that the emittance of
the conical cavity is 0.99 + 0.01.

The emittance of this cavity was analytically computed using analytical
techniques developed by Gouffee (Reference 19), Kelly and Sparrow. (Reference (20),
(Reference (21). In order to facilitate these computations the following
assumptions were made:

° The conical cavity emits and reflects radiation in a perfectly
diffuse manner.

© The walls of the cavity emit radiation in a graybody manner.

Argon
suppi
g Pressure
gauge
Gas Cavity
curtata control
control

M

Radiometric N Comparison
probe amplifier

Window

.“‘l\\“\\\\\\\&\\\\\\
1&ﬂ“ﬂﬁﬂﬁﬂ§§sghl‘QNhh

Cawvity

Transformer L
= E ] 2
j o Power
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Figure 91 Simplified Block Diagram EO Model 146 Blackbody Radiation Source
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Figure 93 Optical Arrangement for Calibrating the Reference Cavity

° The cavity is isothermal,

<]

Flux entering the cavity from the local environment is negligible.

The computed emittance, based on Gouffe!s equations, was 0.995 for
a graphite wall emittance of 0.9. Next, the method developed by Kelly was used
to compute the local apparent hemispherical emittance over the aperture of the
cavity. The results of these computations gave a maximum value of 0.998 at the
appx (center) of the cone to 0.938 at the edge. These anlaytical computations
were verified experimentally by measuring the spectral radiance over the exit
aperture of the cavity. The spectral radiometric measurements were made with
a grating spectrometer at a wavelength of 5500A and a bandwidth of 8A using a
photomultiplier to measure the radiation from the spectrometer. The results
of these measurements are shown in Figure 92 and are in good agreement with the
analytical computations. The most important results of these computations and
measurements are that only the central area of the cavity, defined by the apex
and a slant height of 0.2L, where L is the total slant height of the cavity,
should be used if the emittance uncertainity is to be minimized.

A temperature survey of the Primary cavity indicated that temperature
gradients are equal to or less than 0,1%,

(b) Reference Cavity Calibration - The optical arrangement for com-
paring the primary blackbody and the reference is shown in Figures 93 and 94.
This optical system is similar to the one used in the emissometer except that
an additional plane mirror has been added. This additional mirror permits the
primary cavity, reference cavity or NBS calibrated lamp to be observed simply
by rotating the plane scanning mirror. It should be noted that the radiation
from any of the three sources travels the same optical path so that absorption
effects tend to cancel.
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The emittance of the aluminum oxide reference cavity was experi-
mentally measured by comparing it to the primary blackbody, at the same true
temperature and viewing geometry. This comparison was made using the pre-
viously described optical system. Prior to the comparison, the combined
optical pyrometer-emissometer was calibrated using a tungsten filament lamp
as a secondary brightness temperature standard. The calibration of this lamp
is traceable to the National Bureau of Standards. The resulting calibration
curve is shown in Figure 95. After completion of the temperature calibration,
the reference cavity was compared to the primary blackbody. The measurement
sequence used for this comparison was as follows:

1. The specimen (tungsten specimen equipped with an alumina refer-
ence cavity) and the primary blackbody was placed on the view-
ing circle and the optical system aligned.

2. The temperature of the primary blackbody was set at a pre-
determined temperature and allowed to stabilize. The final
temperature was measured with the optical pyrometer and the
total radiance was measured with a thermopile detector.

3. The temperature of the specimen was set to correspond to that of
the primary blackbody and it was allowed to stabilize. The
temperature was measured with the optical pyrometer and the total
radiance of the aluminum oxide reference cavity was measured with
the thermopile detector.

L. This sequence was repeated at specific temperatures over the
temperature range of the emissometer.

5. The emittance, at the indicated temperatures, was calculated by ‘
taking the ratio of the background corrected voltage signals from '
the reference cavity and primary blackbody and correcting for the
emittance of the primary blackbody.

The results of these measurements are shown in Figure 96. The
emittance of 5 cavities was measured. The 5 cavities were chosen at random
from the 270 cavities fabricated by Coor's Porcelain, All of the cavities
were heated to a temperature of 2500°F for 60 hours prior to this measurement i |
to stabilize the thermal and radiative properties of the aluminum oxide.

The measured values were curve fitted to a 2nd order polynomical curve

2 (o
=A-B+CI° (°K
o (°K)

where 1.0849
2.3854 x 10=4

9.4133 x 10~8

i

A
B
C

[
The standard error in estimating the emittance using the above
equation is & 0.01 emittance unit.
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The aluminum oxide cavities when compared to a primary blackbody
had a higher emittance over the complete temperature range of 1600° to
3200°F., The computed emittance values were based on thermal and radiative
properties measured by several investigators. The uncertainties associated
with these measurements (thermal conductivity, translucency, emittance, etc.)
could account for the difference in the two curves.

The variation in measured emittance from one cavity to another cavity
was only £ 0.01. The measured emittance of the aluminum oxide reference cavity
determined by comparison to a primary blackbody was used to determine the true
temperature of the R-512E coated columbium specimens for emittance measurements
from 1600° to 3000°F,

The most important part of the integral cavity emissometer is the
aluminum oxide reference cavity since the accuracy of the emittance measurement
depends upon how accurately the emittance of the reference cavity is known.

Not only must its emittance, as a function of temperature, be accurately known
and reproducible but it must be stable at elevated temperatures and in chemi-
cally active environments. This problem was solved by fabricating the cavity
from pure, dense aluminum oxide. The depth to radius ratio of this activity
is 5.0 and it has an outside diameter of 0.19 in. and a length of .37 in.

Since aluminum oxide is translucent and has a low thermal conductivity,
an analytical study was conducted (Reference 22) to determine the magnitude of
thermal gradients along the cavity wall, The results of this study showed that
the thermal gradient can be mathematically represented by:

KT-Tp [ J1(ER)-Y(£R)
T]4 = a5 coth (L)-csch (£.) ] ] + Tzdsin20m
Py R Jo(ER)-Y S (€R) 2
where: T] = temperature of the cavity wall at the front opening.

Tp = temperature of the rear wall of the cavity and the temperature
along the outside wall of the cavity.

€ = total emittance of the cavity wall at temperature T1
"€2 = total emittance of the cavity wall at temperature T,
R = radius of the cavity

L = depth of the cavity

8, = angle defined by the depth and radius of the cavity

m

gR = agrgument of the Bessel functions
J = Bessel function of the first kind
Y = Bessel function of the second kind

M



The temperature T; was computed for given values of T, and are
given in Table XV.

The results in TableXVI show that the cavity is nearly isothermal and
that Gouffe's (Reference 23) equations for computing the emittance can be
used with a high degree of certainity. The results of these computations are
~vown in Figure 96. Unfortunately both the radiative and thermal properties
are not only a function of the intrinsic optical properties of the aluminum
oxide but also other extrinsic properties such as initial powder size distri-
butions, sintering temperature and time, etc. so that these preceeding
properties must be used with caution in computing the emittance of the cavity.

(c) Linearity

In addition to the calibration of the reference cavity, it was
also necessary to determine the characteristics of the optical system of the
emissometer. This includes the optical elements, detector, and electronics
which are used to compare the radiation emitted by the specimen and the
reference cavity.

The linearity of the optical system was experimentally measured by
attenuating the radiance of the source by a known amount and measuring the
corresponding change in the signal. This was done by placing a mechanical
chopper between the specimen and the detector and adjusting the chopping
frequency so that it did rot interfere with the chopping frequency (14 Hz)
used for thermopile measurements. The transmittance of the mechanical chopper
is given by the ratio of open to opaque areas. Four individual mechanical
choppers were used having transmittances varying from 0.233 to .951. The
precision of the measurement was determined by taking the total differential
of the following equation:

7L
Vo
AV AV
A0 2, L
r Vo Vi

Where AV and AV, , are the uncertainities in the voltage measurement., For
these measurementsAVl{q1 = AV#NQ =t .01%. The results of these measurements
are given in Table XVI.

All of these measurements are within the computed uncertainty of the
measurements except at .951 transmittance., These results indicate that the
uncertainty due to nonlinearity of the emissometer is equal to or less than

s 0.6 percent.
(d) Reference Materials

The emittance of several materials with well known radiative
properties was measured to verify the overall performance of the emissometer.
The materials utilized for these measurements were pure polycrystalline
platinum and tungsten, and graphite. The results of these measurements are
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Table XV
Temperature Gradients Of The Reference Cavity

T, (°F) T, °F) % Change
1700 1690 0.5
2060 2040 0.86
2420 2390 1.19
2780 2130 1.67 4
2960 2890 2.00 ;
Table XVI !
Radiometer Linearity
Transmittance | Transmittance Difference Uncertainity
(Measured) 7y | (Calculated)ry | Ar=rywry Ar (Computed)
.233 227 +.006 +.006
J41 J42 -.001 +.003
871 870 +.001 +.003
951 946 +.005 +.002 :
Table XV

Total Normal Emittance Of Platinum

Temperature €TN AeTn TN AeTN
5 (MDC) (Computed) (Ref. 1) Measured
1620 126 +.004 119 +.007
2000 145 +.004 A4 +.004
2350 .167 +.005 19 +.006
2700 181 +.005 .181 .000
2920 191 +.006 .193 ~-002
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shown in Figures 97, 98 arnd 99. The reasursments were curve fitted to a

linear function for comparison with other measurements. The results on the
platinum were:

(MDC) étn = 1.681 x 1072 + 0.908 x 10~k ToK
(Ref.24) € tn = 1.03 x 1074 T (°K)

The emittance values obtained from these two equations are within
the quotad uncertainty of 1 5%,

The results on the graphite were:
(MDC) € tn = 0.990 - 1,115 x 1074 T (oK)
(Ref.25) tn = 1,072 - 1,580 x 1074 1 (°k)
The results on the tungsten were:

(MDC) etn= 7,543 x 1072 + 1,808 x 104 T (°K)
(Ref.26) € tn= 6.040 x 1072 + 1,663 x 107% T (°K)

The three reference materials were mechanically polished prior to making
emittance measurements, The chamber pressure was reduced to 10-5 torr using an oil
diffusion pump equipped with a cold trap for the tungsten and graphite
measurements in order to eliminate surface roughening due to oxidization.

However, post examination of the tungsten specimen revealed that some

roughening had occurred as is indicated by the increase in emittance at

elevated temperatures. Metallographic examination indicated that the surface
roughening was due to recrystallization. Of the three reference materials, the
results of the platinum are the most meaningful because of the reliability of the
published measurements and no surface roughening was obscrved.

For comparison purposes the computed emittance for specific temperatures
are shown in Table XVII, °

(e) Uncertainity and Precision:

Analytically, the maximum uncertainty can be estimated by taking
the total differential of the equation:

=V1 -
€l __52

Vs

which gives:

[P R B s W P VP
el €2 1 )
where Aejp represent the uncertainty of the reference cavity

and &‘vi and ,V2 are the uncertainites in measuring the voltage signals.

S Y
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The results of the reference cavity calibration showed that

en/e
2%2 25 1 0.01 and from the linearity measurements ‘f%F" = MV2 =3 9,01,
substituting into the equation of the total differential: v2
82 = *0.03 |

The uncertainty was used to compute the t values listed in column 3

of Table XVIT and there is good agreement with the ucasured differences as given

in eolumn 5,

The precision of the measurements is estimated to be 1 1% based on
repeated measurements on the same reference cavity.

3. EMITTANCE MEASUREMENTS
(a) Specimen Preparation

A total of fifty four (54) Tb-T752 columbium emittance specimens
were fabricated and then coated with the R-512E coating by Sylvania Electric
Products, Inc. Twenty seven (27) of these specimens received the R-512E (60%
Silicon, 20% Iron and 20% Chromium) coating with an applied coating weight of
25 + 2 mg/cm@ or a coating thickness of 3.5 + 0,2 mils/side. Nine (9) addi-
tional specimens vere processed with the same coating weight, 25 + 2 mg/em",
but in a separate batch to evaluate the effect of vatch-to-batch variations
on emittance. Nine (9) specimens received the R-512% coating with an applied
coating weight of 12.5 + 2 mg/cm or a coating thickness of 1.75 + 0.2 mils/
side. Thus the effect of coating thickness could be determined.

Nine specimens received a modified R-512E coating (40% silicon,
30% chromium and 30% iron) with a coating weight of 25 + 2 mg/em< or a
coating thickness of 3.5 1+ 0.2 mils/side. This enabled the determination of
coating compositional effects on emittance.

Also, several additional modified versions of the R-512E coating were
tested to 2400°F to determine the effect of chemistry variation on the
emittancs.

(b) Test Conditions

The total normal emittance of three (3) R-512E coated columbium
specimens was measured for each of three pressure levels (1.0, 15 and 30 torr)
from 1600 to 3000°F, with measurements at approximately 200°F increments
during heating and cooling. This testing was repsated for five cycles per
specimen and air was flowed past the specimens at 211 times during testing.
The total normal emittance of two (2) R-512E coated columbium specimens was
measured from 1600° to 24,00°F and one (1) additional specimen from 1600° to
2600°F per a simulated time-temperature-pressure reentry profile (Figure 100),
with emittance measurements made at approximately 500°F increments during
heating and cooling.
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The tosal normal emittance e ; me .. ired from 1600° to 3000°F
for the R-512FE coated columbium with variations in coating thickness
(2.0 mils vs. 3.5 mils), batch-to-batch processing and coating composition,
The test conditions were as follows: (1) slow heating from 1600° to
2800°F or with emittance measured at 200°F increments during heating and
cooling and the testing repeated for five cycles per spescimen for the 28068°F
maximum temperature; (2) simulated profile heating to 2400° and 2600°F, with
emittance measured during heating and cooling at 1600°, 2100° and 2400° or
2600°F. Thermal cycling was performed in a controlled time-temperature-
pressure environment for up to 20 cycles, with emittance measured during the
lst, 2nd, 3rd, 5th, 10th, 15th and 20th cycles.

The emittance test parameters for the different cenditions of
R=512E coated columbium are given in Table XVIII.

i

(e¢) Reuse Effects

Recycling the R~512E coated columbium from ambient temperature

to 2400°F for 20 times following a simulated reentry time~temperature-pressure
profile decreased the total normal emittance from 0.89 to 0.66 at 1600°F and
from 0,80 to 0,75 at 2400°F.- (Figure 101). The largest decrease in emittance
occurred between the first and second cycle because the largest amount of surface
oxidation of the intermetallic coating occurred during the first heating. The
emittance change gradually decreased with increased cycling, and after 10 cycles
to 2400°F the emittance remained relatively constant (within the accuracy of
the emissometer, i 0.03).

Another batch of R-512E coated columbium, processed using a new batch
of slurry material, and designated as a separate batch was profile cycled 20
times to 24,00°F (Figure 102). The emittanze bstween 1600° and 2400°F
behaved in a similar manner to the original batch. Both the original and
separate batch had a greenish yellow color during and after testing to 2400°F,
This color was different from the dark brown heat shield specimens profile
cycled to 2400°F in a reduced pressure Astro furnace, The only difference in
the test environment between emissometer and the Astro furnace was the flow
rate across the specimen during thermal cycling., The emissometer had a flow
rate of approximately 1 to 2 liters of air per minute, while the Astro furnace
had a different flow rate of approximately 0.3 to 3.73 liters of air per
minute. An emittance specimen (FSS-17) from the original batch of material
was thermal cycled to 2,00°F at a lower flow rate, .3 to .5 liters per
minute. The lower flow rate more closely matched the flow rate of the Astro
furnace (.3 to 3.73 liters/minute) where the heat shield specimens were
tested. The exact flow rate cauld not be matched because of the limitations
of the flow meter being used in connection with the emissometer. This specimen
(FSS-17) was cycled 4 times to 24,00°F and the color of the specimen was brownish
green with one area of the specimen (which faced the setter during coating
processing) having a distinct different color (dark gray). Therefore, an
emittance specimen (FSS-16) was tested in the Astro furnace at 24,00°F for 4
cycles, and the same color phenomenon occurred as with specimen No. FS-17.
This established that the flow rate difference was not the important factor
for the difference in color of the emittance specimens and the heat shield
panels tested at 2400°F. But since a lower flow rate, while maintaining the
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Table XVIII
Specimen Parameters

Specimen Maximumj Air  JAir Flow| Number
Number| Batch | Temp. Pressure.‘ Liters/ | of Comments ~ Post-Test Conditions
OF 1 Torr | Min. | Cycles
(1)“
FSS=1 |Original{ 3000 15 2 3 Blisters appeared at 30000F during the Ist cycle; gross,
oxidation after the 3rd cycle,
-2 e 2800 15 2 5 Few blisters after 2nd cycle to 2800°F; gross oxidation around the
Al503 reference cavity after the Sth cycle.
-3 " 2800 15 2 5 Same as FSS-2.
-4 D 3000 1 0.8 5 Crusty coating after Ist cycle; the crust fell off at 2000°F during the
the 2nd cycle; gross oxidation and scaling occurred for all 5 cycles,
-5 g 2800 1 0.8 5 Specimen black, winute blisters on the surface,
-6 " 2600 1 0.8 5 Specimen black, some oxidation at the leading edge.
-7 " 3000 30 2 1 Specimen black, minute blisters on the surface; specimen in very
good condition.
-8 " 2800 Kil] 2 5 Specimen black, gross oxidation at the leading edge.
-9 " 2800 30 2 5 Specimen brownish black, minute blisters on the surface; specimen
in very good condition,
-10 " 3000 15 2 1 Specimen greenish black, minute blisters on the surface: gross
oxidation at the leading edge.
-11 " 3000 1 0.8 1 Gross oxidation of the entire specimen.
-12 % 200 | 8-22 | I.2=2 | 20 Specimen greenish yellow and in very good condition.
: -13 " 2400 8~22 | 1.2-2 20 Specimen greenish yellow and in very good condition.
~14 " 2400 8-22 | 1.2-2 20 Specimen greenish yellow and in very good condition,
-18  |Original | 2600 8~22 | 1-2 20 Specimen grayish black and in very good condition,
=17 " 2400 8~22 1.05-.37 4 Specimen brownish green on the surface and dark grayish green
around the setter area — sracimen in very goed condition.
-16 " 2400 8-22 | .3-3.73 4 Specimen heated in astro furnace. Specimen was brownish green on ~
the surface and a dark grayish green around the setter area, specimen
) in very good condition
FSS~28 |Separate’] 3000 15 2 1 Specimen grayish black with gross oxidation around the leading edge
and the Al1503 reference cavity.
15 2 5 Specimen grayish black with gross oxidation around the A1203
reference cavity.
15 2 5 Specimen grayish black with gross oxidation around the Al,03
reference cavity and minute blisters on the surface.
822 1-2 20 Specimen greenish yellow and in very good condition.
8-22' | 1~2 20 Specimen greenish yellow and in very good condition.
§=27 1-2 20 Specimen brownish black with gross oxidation around the Aly03
reference cavity and minute blisters on the surface.
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Table XVHI (Continued) -
Specimen Parameters

Specimen} Batch |Maximum] Air  JAir Flow] Number -
Number Temp. | Pressured Liters/ | Of Comments — Post—Test Conditions
OF Torr | Min. | Cycles
FSS~37 { Thin (3)] 3000 15 2 1 Specimen grayish black, gross oxidation over the leading face.
-38 " 2800 15 2 3 Specimen bluish black, gross oxidation over the entire specimen,
-3 " 2800 15 2 4 Specimen bluish black, gross oxidation over the entire specimen.
-4 2400 | 8-22 1-2 20 Specimen greenish yeilow and in very good condition,
-4] " 2400 | 8-22 | 1<2 20 Specimen grayish yeliow and in very good condition,
-42 ) L 8~22 1-2 18 Specimen grayish black, gross oxidation over the entire specimen,
FSS-46 [Modified] 2400 8-~22 12 20 Specimen brownish black and in very good condition.
=47 " 2600 15 2 1 Specimen grayish black, gross oxidation around the Alp03 reference
cavity.
-48 w1 2800 15 2 5 Specimen grayish black, gross oxidation over the entire specimen.
~4 "o 2800 15 2 5 Specimen grayish black, gross oxidation over the entire specimen.
Fss=50 1 2400 1-22 1-2 20 Specimen brownish black and in very good condition,
=52 " 3000 15 2 1 Specimen grayish black, minite blisters over the entire specimen
and gross oxidation around the Al503 reference cavity.
-53 2600 8-22 1=2 al Specimen grayish black, minute blisters over the entire specimen.

(1) RS12E (20% Fe' 20% C,, 60% Si} coated CB~752 columbium 25 mg/cm2 coating weight (coating thickness approximately 3.5 mils).

0.9

=
(==}

=
=

Total normal emittance ‘in

0.6

(2) RS12E (20% F, 20% C,, 60% Si) coated CB~752 columbium 25 mg/cm2 coating weight coated with a different batch of RS12E,

{3) RO1ZE (20% For 20% C,, 60% Si) coated CB~752 columbium 12.5 mg/cm2 coating weight (coating thickness approximately 2.0 mils).
(4) Modified RS12E (30% F o, 30% C;, 40% Si) coated CB-752 celumbium 25 mg/cm2 coating weight.

2nd cycle

Ist cycle——
Sth cycle

10 & 20th cycles

O Fs5~14 Original batch, air pressure 8=22 tarr

1500

1600

1800

2000 2200 2400 2600
Temperature OF

Figure 101 Emittance Of R-512E Coated Columbium (Qriginal Batch) Vs Temperature

(24000F Max.)

120

Nppa—rey.




e

Total nomal emittance ( ¢,
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0.6 !
1500 1600 1800 2000 2200 2400 2600

=
L =]

Temperature °F
Figure 102 Emittance of R-512E Coated Columbium (Separate Batch)
Versus Temperature (24000F Max)

same pressure, did produce a higher emittance at 2400°F (Figure 103) and
a slightly darker specimen (brownish green), a study of the effect of
different flow rates on emittance may be warranted.

Sylvania was contacted to determine if there could be any possible
contamination in their furnace during the coating of the emittance specimens,
because the area of the spscimen shaded by the specimen holder during
processing had a dark brown appearance similar to the heat shield panels.
Sylvania stated that the R-512E cocated emittance spescimens in the orignal
batch did not have as great a weight loss (dve primarily to chromium
vaporization) during the coating cycle as is normal for batches of R-512E
coating. Therefore, the emittance specimens may have had an excessive amount
of chromium, thereby producing a chromia-rich oxide layer on the surface that
is different from the heat shield panels when exposed to elevated temperatures
in an oxidizing atmosphere. This discoloration phenomenon can possibly be
corrected through better quality control during the coating process and/or
by a slight change in formulation of the coating to eliminate the excess
chromium on the surface.

The original and separate batches of the R-512E coated columbium had
a coating weight of 25 mg/cm? (thickness of approximately 3.5 mils). To
determine the effect of coating thickness on emittance during reuse, a
batch of specimens with a coating weight of 12.5 mg/cm? (thickness of
approximately 2,0 mils) was evaluated. The 12.5 mg/em? coating thickness
was ‘designated as a thin coating batch.
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Figure 103' Emittance of R-512E Coated Columbium (Different Flow Rates)
Versus Temperature (24000F Max)

The emittance of the thin batch during profile testing to 2400°F
also decreased (Figure 104) with thermal cycling, but not to the extent of
the original or separate batches. The emittance decreased from 0.88 to
0.84 at 24,00°F and from 0.94 to 0.80 at -1600°F after 20 simulated reentry
profiles. The thin specimen, FS5-41, had a darker grayish green appearance
during and after profile testing to 2400°F.

To determine the effect of a different coating chemistry on the
emittance, a modified R-512E _(40% Si, 30% Fe, 30% Cr) was evaluated having
a coating weight of 25 mg/cmz. The emittance of the modified R-512E (FSS-50)
remained between 0.85 and 0.89 over the temperature range 1600 to 24L00°F
during all 20 simulated reentry cycles, (Figure 105). The modified coating
remained a dark grayish black color during and after the 20 cycles to 2400°F,
Although the modified R-512E had a much higher and a more stable emittance
than the unmodified R-512E coating, the oxidation protection of the modified
coating was not determined, Therefore, this may not be the optimum formulation
to produce a higher and more stable emittance during reuse.

. Figure 106 shows the emittance versus temperature and cycling for up
to 20 cycles for the four different conditions of R512E coated columbium
evaluated, This plot of data shows the emittance during the heating and
cooling portion of the cycle. A hysteresis in the emittance data occurred
during the 1lst cycle to 2400°F and to a lesser extent on the succeeding
cycles,
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Figure 104 Emittance Of R-512E Co_ated Columbium (Thin
Versus Temperature (24000F Max.)
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Figure 105 Enittance Of Modified R-512E (40% Si, 30% Cr 30% Fe)

Coated Columbium Versus' Temperature (24009F Max.)
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Increasing the maximum temperature during simulated reentry profile
testing to 2600°F for the original batch of 1i-512E coated columbium resulted
in a further decrease in emittance after the 10th cycle to 2600°F, The
emittance at 2600°F (FSS-18, Figure 107)decreased with thermal cycling similar
to results obtained for the 2400°F maximum temperature profile (FSS-14,

Figure 95) except after the 10th cycle the emittance at 2600°F continued to
decrease, The emittance decreased from 0.85 to 0,70 at 2600°F compared to an
emittance drop of 0,80 to 0.75 at 2400°F after 20 time-~temperature-pressure
profile cycles,

The separate batch (FS5-35) test at 2600°F for 20 cycles resulted
in a complete reversal in the emittance trend with thermal cycling. The
emittance (Figure 108) decreased similar to previous specimens during the
lst cycle to 2600°F, but as cycling continued the emittance increased until
after 20 cycles the emittance had increased from 0,79 to 0.85 at 2600°F,

The thin coating also had the same trend as the separate batch in
that the emittance increased with cycling after the 1lst cycle to 2600°F,
Figure 109, This specimen, FS55-42, failed due to gross oxidation after the
18th cycle to 2600°F, therefore, the test was terminated at this point.

A1l specimens tested to 2600°F had a dark greyish black appearance
during and after testing. The modified R-512E coating maintained a high
emittance (0.85 to 0.90) during all 20 cycles to 2600°F, Figure 110.

The plot of emittance versus temperature and thermal cycling, Figure 111,

shows that the separate batch had a much higher emittance than the original
batch during thermal cycles to 2600°F, This data then differs from the
emittance trend at 2400°F maximum test temperature (Figure 106) whereby the
original and separate batch had similar values,

Thermal cycling to 2800°F (up to 5 cycles) was accomplished at a
constant pressure of 15 torr with emittance measured at approximately 300°F
increments during both heating and cooling, No time-temperature profile
was followed during these measurements and it normally took approximately
30 minutes to complete the emittance measurements during heating and cooling
from 1600 to 2800°F,

The emittance of the original batch of R-512E coated columbium
Figure 112, increased between the 2nd and 5th cycle after exhibiting the
normal decrease in emittance during the 1lst cycle as previously observed at
lower maximm temperature (24CO and 2600°F) profile tests,

The separate batch, Figure 113, had the initial decrease in emittance
during the 1lst cycle and a slight decrease on the 5th cycle at 2800°F from
0.83 to 0.77.

The emittance of the thin batch during the 2800°F test started
out. lower at 1600°F (e = 0.82) and gradually increased with increasing
temperature, Figure 114. The emittance peaked out at 2600°F ( = 0,89),
then decreased at 2800°F (e = 0.85). During the 2nd cycle to 2800°F, the
emittance decreased to 0.75 at 2800°F, The coating failed due to gross
oxidation in the 3rd cycle and the test was terminated.
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Figure 107 Emittance of R-512E Coated Columbium (Original Batch)
Versus Temperature (26000F Max)
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Versus Temperature (26000F Max.)

130

S«




$319AD puy ('XeW 40097) aimje1adwa ] SNSIAA (Saydjeq 1UaIajyIQ 3a1Y1) WNIquR|o) pajeod Iz16-Y JO aouepiwy 111 indi4

$9}249
CIRIERTI, ETRIERTIT lﬂ 31342 4lg 9243 157
4, nesndway
oost ootz 0og2 oolg aost ootz 0052 o012 0041 ool oos2 oote oos1 ootz 009 oolg o9

10} 77-g 2wnssaud s1e "yajeq jewidug gr-554

uoy z2z—-g sinssand nie ‘yajeq aesadag cr-554 O

10} Zz-g ainssaid J1e "yjeg payipoy £5-554 O

L~ ||

B1-534
aup

ajafa
4o duap
1
g0
50
= —
s 2
3
2
&
g0 o




Tota! normal emittance (‘tn)

1.0

(=)
(e <)

<
~J

0.6

0.5

5th cycle

Ist & Znd vycle

..
/

FSS=3 original batch, air pressure 15 torr
O Istcycle
A nd cycle
O Sthcycle

L

1409

1600 1800 2000 2200 2400 2600
Temperature °F

Figure 112 Emittance Of R-512E Coated Columbium (Qriginal Batch)
Versus Temperature (28000F Max.)
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Figure 114 Emittance Of R-512E Coated Columbium ( Thin Batch)
Versus Temperature (28000F Max.)

The modified R512E coating maintained a high emittance during all
five cycles to 2800°F, Figure 115, The emittance was approximately 0.84 to
0.90 between 1600 and 2500°F for the five cycles, The coating failed due
tn gross oxidation between the 2nd and 5th cycle, The gross oxidation around
tie 21203 reference cavity was very predominant. It was concluded that

for temperatures above 2600°F, the A1203 reacted with the RS12E
coating.

(d) Pressure Variations

The original batch specimens (FSS 1, 7 and 11) were thermal
cycled to 3000°F using three different constant pressures (1, 15 and 30
torr). These different pressures had very little effect on the emittance
especially above 2400°F, Figure 116. For tenperatures below 2400°F, there
was a maximur of C,1 emittance units difference between specimens for the
temperature range of 1600 to 2400°F, The emittance in general tended to

decrease from 1600 to 2600°F ( e= 0.20) and then increased slightly at
3000°F (e = 0.87). =

At a constant pressure of 15 torr, the emittance at 3000°F in
the first cycle (only 1 cycle performed) was in close agreement for all the
different coating combinations tested, Figure 117. The separate and original
batch both had a slight decrease in emittance at 2600°F,
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Figure 116 Emittance Of R-512E Coated Columbium (Original Batch)
Versus Temperature (3000°F Max)
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(e) Specimen to Specimen Variations

Specimen to specimen variation in emittance was determined
by measuring 2 or 3 specimens under the zame test conditions from each
batch and eomparing the values, The emittance of the original batch,
Figure 118, shows that a maximum variation of 0.12 emittance units was
measured at 1600°F during profile testing to 24O00OF for 20 cycles. This
largest variation occurred at the 20th cycle to 2400°F, while at the 10th
cycle only a difference of approximately 0.04 emittance units was measured.
This was within the accuracy of the emissometer which is s .03.

The separate batch, Figure 119 and the thin batch, Figure 120
had a much closer agreement between specimens from the same batch when
heated to 2400°F following a time-temperature-pressure profile. The
greatest difference in emittance was 0,04,

Increasing the maximum temperature to 2800°F for the original
batch did improve the specimen to specimen variations in emittance.
After five cycles to 2800°F the greatest difference in emittance was .06
on the 5th cycle, Figure 121, The separate batch at a maximm tempera-
ture of 2800°F had a maximum difference in emittance of .05, Figure 122,

(f) Batch to Batch Variations

The average emittance values for the original (3 specimens)
and separate (2 specimens) batches are plotted in Figure 123 for the
24,00°F maximum test temperature. The emittance difference for the 2400°F
maximum temperature cycle varied by 0.075 emittance units at 16000 after
the 1lst cycle to 2400CF, but after the 20th cycle only an emittance differ-
ence of .05 was measured.

Increasing the temperature to 2600°F during profile testing

accentuated the batch-to-batch variations, a difference of 0.13 was
measured during the 20th cycle, Figure 111.
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(g Thickness Variations

The emittance of the R-512E coated columbium having a normal
coating weight of 25 mg/cm? was compared with a coating weight of 12.5 mg/cme.
Thermal cycling to 24O0OF, following a reentry profile, showed that the average
emittance value of the thin batch were considerably higher than the original
batch in the temperature range of 16000 to 2400°F for up to 20 cycles,

Figure 124, As much as a 0.125 emittance unit difference was measured between
the two difference thicknesses at the same temperature. This increase in
emittance for the thinner coating was apparently due to differences in inter-
metallic coating formed at elevated temperatures. The thinner coating by
appearance had a darker surface coating and may not be as rich in chromium at
the surface as the original batch of coating.

Increasing the maxinun test temperature to 2600°F did not decrease
the difference in emittance between the thin batch (e = 0.8, after 15 cycles)
and original batch (€ = 0.73 after 15 cycles), Figure 125,

The thin coating failed due to gross oxidation on the 18th cycle to
2600°F, The oxidation started around the leading edge of the specimen where
the induction field may cause localized heating and premature coating failure.
Further tests should be run in the Astro furnace to determine the effect of
coating thickness on the coating life.

o rem— R ==l v

(h) Chemistry Variations

The R-512E coating (Si-20Cr-20Fe) was modified by chenging the
ratios of the three ingredients. The Modified R-512E (51-30Cr-30Fe) coating
evaluated through all phases of this program had a higher emittance at all
temperatures (1600 to 3000°F) and at all pressures. The emittance results of
the original R-512E and the modified R-512E after 20 cycles to 2400CF are
compared in Figure 126.
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Figure 125 Emittance Of R-512E Coated Columbium (Original & Thin Batch) Versus Temperature
(26000F Max.)

147




(%) aoueyiwa jewiou jejo

$319A) puy ("XeW 4000¥2) aimesadwa]

SA
wmqunjo) pajeod JZ16-Y JO uePIWT jewroN jejol 921 aindi4
313k Uiz 21942 yipt 9ok 151

. s3j0f)

o

ootz oov DotzZ. 0091 0091 o012 oovz 0012 0091 08t 0oiZ oowz ooz

nost Q uo dwa)

(a40€100¢1S) IZISH Pap (suawidads om)) sanjea “are (Rjeq payyipoy O
(3402:00215) 3ZIS Y (suswnads saiy) sanjen “are pjeq [eudug O

s0-

ﬂ/ w.-_...LT/ \
X %

50

o

60

'148




e s RS

Additional modifications of the R-512E coating were evaluated for 5
cycles to 2,00°F, Table XIX, The emittance of all of these specimens, with
the exception of the original R-512E, remained at approximately 0.87 after
5 cye¢les to 2,00°F,

The original ard the modified (Si-30Cr-30Fe) were coated early in the

program and the specimens were 18id on their side (cylinder side facing the
specimen holder) during coating at Sylvania. The side facing the holder

. turned a darker color than the other areas, including the surface where the

emittance was measured., The other specimens with different chemistries were
coated at a later date and the specimens were coated with the face of the
cylinder (area where emittance is measured) facing the holder. This area
facing the holder remains a darker color during emittance measurements and
that may be the reason for the close agreement in emittance after 5 cycle to
2400°F for all the different chemistries, Table XIX.

Table XtX
Emittance of Several Modified R512E Coated Columbium
Ist Cycle Sth Cycle
Specimens
1600 | 2100 | 2400 | 1600 | 2100 | 2400
FSS~75 R=512 (Si-15 Cr=15 Fe) 89 92 86 | 81 | 85 89
F$S=73 R=512 (Si=17 Cr=20 Fe) 85 | .86 83 | 82 | .85 88
FSS=70 R=512E (Si=20 Ci-20 Fe) 85 | .86 8 | .82 | .86 87
FSS-~14 R-512E Original 8| 8 [ 0] n| . b,
FSS=74 R=512 (Si=22 Cr~20 Fe) 84 | .86 85, | 84 | 86 88
F$S=71 R=512H (Si=25 Cr=25 Fe) 9 | .88 a2 80 | .81 81
FSS-50 R=512 Mod (Si~30 Cr-30 Fe) | .88 | .89 8% | & | & 87
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(1) Summary of Emittance Measurements

The Cb752 columbium emittance specimens coated with Sylvania's R-512E
coating were classified inﬁo four (4) different batches: (original, 25 mg/cm”,
separate, thin (12.5 mg/ecm”), and modified (40% Si, 30% Fe, 30% Cr)).

The 2400°F emittance of the original batch of R-512E coating decreased
from 0.85 to 0.75 after thermal cycling to a maximum temperature of 2400°F
for twenty (20) simulated flight time-temperature-pressure profiles. Increasing
the maximum temperature to 2600°F during profile testing also caused a decrease
in the 2600°F emittance (from 0.85 to 0.70) after 20 cycles.

The separate batch had about the same emittance as the original batch at
2400°F after 20 cycles. The largest difference in the emittance between the
original and the separate batch during cycling to 2400°F was 0.12 emittance
units (at 1600°F). This difference in emittance occurred during the 1lst and 10th
cycles to 2400°F. The separate batch after 20 cycles to 2600°F had a higher
emittance € = 0,85 versus € = 0.70 for the original batch. At 2600°F and after
20 reentry profile cycles some gross oxidation was observed, especially around the
Al,03 reference cavity. This may be due to a reaction between the A120 reference
cavity and the R-512E coating. Coating failure around the edges may be due to

either a thinner coating or excessive surface heating of this edge when heated
with the induction heater.

The thin batch (12.5 mg/cmz) in all cases had a higher emittance (approximately
0.13) than the original batch at 2400°F and 2600°F.

A modified R-g12E coating with a higher iron and chromium content (30%
Fe - 30% Cr) maintained an emittance of 0.85 or higher when profile tested
20 times from 1600°F to 2400°F or 2600°F. The modified R-512E specimens had the
normal grayish black color the same as observed during testing of the heat
shield panels. The original and separate batches of R-512E coatings turned a
medium green color, except where the specimen faced the setter during the
coating operation, when tested under a simulated time-temperature-pressure
profile to 2400°F at reduced pressures ranging between 8-22 torr., This color
phenomenon occurred when testing in both the induction heated emissometer and
in the Astro furnace. The area that faced the setter during the coating operation
turned a darker grayish green color; this area covered about 1/3 of the cylinder
surface but not the face of the specimen where emittance measurements were made.
Emittance specimens tested at higher temperatures 2600° to 3000°F in the emissometer
turned a grayish black color similar to the heat shield panels and the modified
R-512 coating. Therefore, it was postulated that the original and separate
batches may have had an excess amount of chromium, thereby producing a yellowish
green color at 2400°F,

The R-512E coating maintained a high emittance (e = 0.85) when the tempera-
ture was increased to 2800°F at a constant pressure of 1, 15, or 30 torr, altho
the specimens had gross oxidation around the A1203 reference cavity and at the
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leading edge. All specimens did not exhibit gross oxidation when tested to
2800°F; the few specimens which did not, exhibited black granular substance on
the surface.

The emittance specimens were heated for only 1 cycle to 3000°F and the
emittance of the original batch was approximately 0,87 for the three different
constant pressures of 1, 15 and 30 torr (air pressure). The emittance at
2000°F (determined on the same specimens that had been cycled to 3000°F) was
about the same (¢ = 0,87) for the separate, thin, and modified batches at a 4
constant air pressure of 15 torr.

A summary of the emittance data follows:

T-T-P Cycles Effect of Pressure
@ 2400°F @ 2600°F @ 3000°F @ 2000°F
1st 20th 1st 20th 1 15 30 1 15 30
Coating Cycle Cycle Cycle Cyele Torr Torr Torr Torr Torr Torr
Original .80 .75 .85 .70 .87 .87 .86 .93 .87 .88
Separate .87 W77 .79 .85 .85 .86
Thin .88 .85 .86 * .85 .88
Modified .86 .86 .88 .89 .84 .88

* Gross oxidation after the 18th cycle and the test was terminated.
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SECTION V

CONCLUSIONS

Because of the fused slurry silicide coating is formed from an aggressive
molten phase, it has great potential for reproducible coating of complex parts,
including areas of limited accessibility, The R-512E coating has no significant
de* “imental effects on the mechanical properties of the single annealed Cb-752
al 7. Nelther coating or coating processing had any adverse affect on weld
strength. When designing columbium alloy structures for reuse capabilities,
complete characterization of the properties of the specific lot of material
from which the component will be fabricated is essential for optimum performance.

The temperature and primari}y.the pressure environment, which a coated
columbium structure will encounter in flight, must be considered in order to
obtain maximum efficiency. With respect to coating life alone, internal pressure
environment is more severe than external pressure environment at 2600°F test
temperature. However, superimposed stress tends to reverse this trend. Life
of the R-512E coated columbium is significantly decreased by superimposed
stress at high temperature., Levels of stress applied in this test program
accelerated the time to produce coated columbium tensile specimen failure at

2600°F by at least 25% under internal pressure and 40% for external pressure
conditions. '

It is possible for coated columbium structures with bare faying surfaces to
be used in multiple missions without loss of structural integrity if the internal
air pressure is sufficiently low. However, positive means of coating faying
surfaces should be employed when using thin gauge material in external pressure
environments; the R=512E coating cannot reliably protect faying surfaces for

appreciable times if the coating is applied after creation of the faying surface,
i,e., after assembly.

The structural integrity of R-512E coated Cb-752 is very tolerant of local
loss of coating in typical reentry pressure environments at temperatures up
to 2400°F. The effect of local loss of coating on structural integrity should
be determined under closely simulated conditions for the particular flight profile
being considered. Tmperatures and especlally pressures drastically effect the
coating damage tolerance. Deliberately damaged coated panels maintalned structural
integrity through reuse up to 15 times at 2400°F even after accidental exposure
to such extreme temperature as 2800°F, Large damage sites (3/8 inch diameter)
in coatings resulted in extensive substrate contamination, but panels endured
continued testing to 2400°F without loss of structural integrity for up to
50 cycles thereafter,

R-512E coated Cb-752 heat shield specimens have an extensive reuse capability
of greater than 100 one hour reentry flights to peak temperatures of 2400°F.
The effects of design on reuse are directly related to the pressure environment.
Flight simulation profile testing to maximum temperature of 2600°F produced
exceissive creep deflections within four cycles, but no coating failures occurred
even after 12 profiles, using spot welded flat corrugation panels. Thus, coating
reusability at 2600"F appears to be at least 10 flights. *
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The total normal emittance of the R-512E coated columbium (Cb-752)
gradually decreased with reentry simulation cycling to 2400°F through the first
10 cycles and then remained relatively stable through 20 cycles. Increasing
the peak temperature to 2600°F during reentry profile testing caused a
gradual decrease in emittance for the original batch, but the separate batch
had a gradual increase in emittance after the first cycle to 2600°F, Batch
to batch varilation in emittance was evident.

Pressure in the range of 1 to 30 torr did not affect the emittance when
tested at a peak temperature of 3000°F, The thin R-512E coating (12.5 mg/cp”)
had a higher emittance at 2400 and 2600°F than the original batch (25 mg/cm®).

A modified version of R-512E (S1i-30% Fe-30% Cr) had a higher emittance,
greater than 0.35, for all temperatures (1600 to 3000°F) and for all test
conditions.
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SECTION VI

RECOMMENDATIONS FOR FUTURE WORK

Explore other alloy/coating systems for reuse capability and damage
tolerance.

Testing of larger heat shield panels for better representation.

Add acoustic and vibration testing to the sequential simulation of
critical flight conditions.

Thoroughly explore the benefits of repair coating damaged areas after
various exposures to oxidizing conditions.

Pursue development of NDT methods for detecting contaminated base
metal beneath intermetallic coating for post flight examination.

Measure the total normal emittance of the R-512E coating under
simulated time-temperature~pressure profile conditions for up to 100
cycles and for peak temperatures of 2400°F,

Investigate the effects of different R-512E coating compositions on the
oxidation protection afforded columbium alloys and on emittance.

Determine the effect of air flow rate on the emittance of the coated
columbium.,

Study the effect of processing variables on the emittance properties of !
the R-512E coated columbium,

154




Appendix I
' MECHANICAL PROPERTY DATA

Presented in this appendix are the data of the mechanical property
tests conducted on bare and R-512E coated single annealed Cb-752 columbium
alloy.

Table XX
Room Temperature Bend Test Data

! Surface | Mandre! | Die throat /1\
Specimen | condition | radius opening Remarks
of material (in.) {in.)
14
16 Bare 0.031 0.099 Passed
17
' 15
1
2 Coated 0.031 0.117 Passed
3 (Coating
4 cracked)

ADie throat opening=2R + 2.5t
R =Radius of Mandrel
t =Thickness of material




Table XXI

Tensile Test Data

Sirate Tt Fly Flu Elongation
Specimen Condition Temperature KSh) (kS %)
of Material OF ( ' ’
68 63,100 80,200 29
69 Bare R.T. 62,500 79,300 30
70 63,400 80,500 30
Average 63,000 80,000 30
n 35,700 51,200 19
73 Bare 1300 37,000 52,500 18
74 36,700 52,100 16
Average 16,500 51,900 18
75 31,100 41,800 36
76 Bare 1800 28,000 40,400 k!
77 L 30,000 42,900 33
Average 29,700 41,700 34
138 20,100 20,600 94
1 Bare 2400 18,600 19,300 93
2 19,600 19,700 98
Average 19,450 19,900 %

3 15,300 15,600 BOG/I\
5 Bare 2600 14,300 14,500 103
6 14,700 14,900 98
Average 14,760 15,000 100
7 60,340 83,050 19
8 Coated R.T. 60,560 83,100 20
9 59,780 82,090 19
Average 60,230 82,750 19
10 34,120 59,120 9
1 Coated 1300 39,720 60,850 10
12 39,430 61,140 11
Average 37,760 60,370 10
13 39,050 50,560 15
14 Coated 1800 36,740 49,270 11
15 33,660 49,440 13
Average 36,480 49.760 13
18 23,460 25,280 62
19 Coated 2400 23,540 26,110 51
20 24,240 24,650 61
Average 23,750 25,350 58
21 10,970 11,940 107
{ 2 Coated 2600 11,600 11,770 108
23 12,430 12,640 98
Average 11,670 12,120 104

ABOG -~ Broke out of gage.
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Table XXl
Notch Tensile Test Data
Surface Test Notch Radius Notch Tensile Average
Specimen Condition Temperature ~ {In.) Strength NTS
of Material (°F) RI/N R2/2\ (PSI) (PSI)

6 0.0005 0.0010 76,580

9 Bare R.T. 0.0005 0.0007 78,110 77,600
. 19 0.0005 0.0006 78,130
7 0.0010 0.0010 52,620

i 8 Bare 1300 .0.0008 0.0005 53,510 52,850
. 24 ' 00006 0.0007 52,430
18 0.0007 0.0008 45,370

22 Bare 1800 0.0007 0.0008 44,150 44,080
23 0.0007 0.0008 42,730
' 15 ' 0.0006 0.0008 78,130

16 Coated R.T. 0.0007 0.0007 84,030 79,990
17 0.0005 0.0009 71,800
14 0.0010 0.0010 52,580

13 Coated 1300 0,0005 0.0007 54,610 53,950
12 0.0007 0.0007 54,660
11 0.0007 0.0008 44,380

; 10 Coated 1800 0.0007 0.0006 44 530 44,670
! r 4 0.0007 0.0006 45 110

F A

i ANotch radii determined prior to coating
] @See Figure 19 on page27 for notch radii after coating.

157




1

Table XXIiI
Welded Lap Shear Data
Surface Tyoe of Test Ultimate Average
Specimen Condition % d Temperature Load Ultirate Load
of Material (°F) {Lb) (Lb)
i E.B. 1205 1237
12 1270
Bare R.T.
i A b 710
12 4 731
= E.B. i 56
3 Bare 1300 0
14 Spot 513 427
16 F.B. 592 592
Bare 1800 —
16 Spot 401 401A
L £ = 28
o Bare 2400 =
18 Spot 165 i
D E.B. n 210
T Bare 2600 T
19 Spot 19 137
! I
7 Coated R.T. ™
2 Spot 679 692
2 E.B, %gﬁ g2
p.——3 | Coated 1300 e
4 Spot 523 521
5 E.B. 752 752
Coated 1800 —
5 ° Spot 454 454ZA
g E.B. Z?; I
Coated 2400
b Spot 30 327
7 333
g E.B. ggg 233
; Coated 2600 =
g Spot 71 213

AFailed in grip area
&Oﬂ.ly one specimen of each type was tested at 1800°F
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‘ Table XXIV
Creep Summary for Uncoated Cb-752
Specimen | Temperature Stress 2% Creep Test Final

No. (°F) (ksi) (Hr) Duration Elongation (%)

48 2400 3.0 11.0 30.0 6.5

49 2400 4.0 1.6 19.4 4.5

50 2400 5.0 5.4 14.9 (a) 5.1

51 2400 6.0 31 13.2 9.9

52 2400 7.0 2.4 15,2 2.3

53 2400 8.0 1.7 14.7 16.2

54 2400 5.5 5.4 15.8 1.0

55 2400 2,0 24.0 81.3 4.8

56 2400 9.0 1.3 39.6 42.3

57 2600 1.5 11.2 140.7 10.4

59 2600 2.5 5.6 86.5 10.0

60 2600 1.0 8.8 91.8 9.9

63 2600 2.0 4.0 40,5 13.3

64 2600 3.0 2.2 15.4 11.9

65 2600 4.0 0.9 18.4 2.1

66 2600 5.0 0.9 15.7 17.5

67 2600 6.0 0.6 6.1(a) 70.0

62 2600 35 3.0 15.5 10.0

(a) Specimen failed. All others were removals.

Table XXV
Creep Data for Bare Specimens at 2600°F

Time Specimen Number & Percent Cre
(h) 57 59 60 63 64 65 66 67 62
0.1 0.05 0.15 0.02 0.02 0.08 0.15 0.22 0.30 T
0.2 0.15 0.18 0.03 0.12 0.15 0.32 0.44 0.56 0.16
0.3 0.17 0.26 0.06 0.18 0.25 0.62 0.63 0.87 0.24
0.4 0.17 0.31 0.08 0.22 0.32 0.80 0.85 1.2 0.31
0.5 0.20 0.35 0.14 0.26 0.43 1.08 1.11 1.56 0.42
0.6 0.26 0.3 0.15 0.29 0.51 - 1.3 1.93 0.45
0.7 029 .| 0.42 0.17 0.32 0.62 - 1.42 2.2 0.52
0.8 0.31 0.45 0.20 0.38 0.1 - 1.81 2.64 0.58
0.9 0.35 0.48 0.22 0.45 0.80 - 2.06 3.00 0.66
1.0 0.42 0.57 0.28 0.51 0.91 2.15 2.9 3.4 0.74
1.5 0.57 0.74 0.42 0.77 - - 3.56 5.63 1.06
2.0 0.62 0.92 0.54 1.03 1.84 3.85 4.97 - 1.35
2.5 0.74 1.08 0.66 1.28 - - 6.40 - 1.69
3.0 0.82 1.23 0.80 1.52 2.12 5.46 - = 2.00
3.5 0.91 137 0.92 1.75 - - - = 2.32
4.0 0.97 1.58 1.00 2.00 3.49 6.85 - - 2.58
4.5 1.06 1.69 1.08 2.28 - = = - 292
5.0 1.12 1.86 1.23 2.49 4.37 8.28 - - 3.18
6.0 1.26 2.14 1.46 2.92 5.07 9.26 - = 2.80
1.0 1.42 2.40 1.69 3 5.8 11.20 - - 4.42
8.0 1.55 2.62 1.85 3.66 6.63 12.90 - - 5.04




. Table XXVI ]
Creep Data for Bare Specimens at 24000F | 1

i i S ‘ |8
Time Specimen Number & Percent Cr 1
(hr) 48 49 50 51 52 l 53 54 55 56 i
0.1 0.08 0.01 0.09 0.03 0.08 0.2 0.01 0.02 0.12 | §
0.2 0.12 0.07 0.13 0.12 0.15 031 0.04 0.02 0.25 R
0.3 0.18 0.11 0.14 0.16 0.23 0.46 0.07 0.03 0.38 ‘ ‘
{04 0.22 0.13 0.17 0.22 u.31 0.55 0.09 0.04 0.53
0.5 0.25 0.15 0.21 0.29 0.38 0.63 0.15 0.06 0.62 :
0.6 0.28 0.18 0.25 0.36 0.46 0.69 0.17 0.08 0.85
0.7 0.31 0.24 0.29 0.43 0.53 0n 0.22 0.08 0.93
0.8 0.32 0.25 0.31 0.48 0.62 0.92 0.24 0.11 1.08
09 0.3 0.29 0.35 0.55 0.69 0.98 0.29 0.12 1.28
1.0 0.37 0.32 0.40 0.62 0.77 112 0.32 0.14 1.42
1.5 0.46 0.45 0.62 0.95 1.20 1.80 0.40 0.18 2.38 \
2.0 0.49 0.56 0.82 1.27 1.73 2.2 0.68 0.23 3.46
2.5 0.58 0.71 0.93 1.58 2.28 3.16 0.86 0.29 5.23 ;
i 3.0 0.62 0.84 1.10 1.92 2.8 3.97 1.04 0.37 6.23 1
35 0.68 0.98 10 2.28 3.42 4.76 1.26 0.39 -
1 4.0 0.74 1.09 1.54 2.63 4.04 5.70 1.4 0.45 =
i 45 0.82 1.30 1.68 3.02 4.69 6.70 1.64 0.53 ~ ]
5.0 0.92 1.44 1.85 3.4 5.35 7.8 1.81 0.60 - 1
- 6.0 1.12 1.68 2.08 4.17 6.78 10.01 - 0.69 - | 4
ﬁ 7.0 1.28 1.88 2.48 4.93 - 12.29 - 0.77 =
! 8.0 1.49 2.12 2.81 5.68 - 14.81 - 0.85 -
Table XXVII ' |
Creep Summary for Silicide Coated Ch-752 ‘
Specimen | Temperature Stress 2% Creep Test Final t.
No. (°F) (ksi) (Hr) Duration Elongation (%) ']
24 2400 3.0 16,0 4.2 43 i ]
%5 2383 4.0 9.8 %3 43 { i
2 2400 5.0 6.3 20.8 6.1 I 3
7 2400 35 115 38.6 5.1 |
28 2400 8.0 2.4 48 45 1
29 2400 9.0 2.2 15.7 16.7 :
30 2400 6.0 4.2 17.3 16
i 3 2400 7.0 31 16.2 11.3
kY] 2400 2.0 28.7 68.7 39
34 2600 3.0 2.4 39.4 13.8
35 2600 2.0 4.4 122.2 1.0 ‘
37 2600 1.0 9.0 167.1 70 |
38 2600 4.0 1.7 14.6 13.4 I
39 2600 5.0 1.4 18.9 23.8 1 ;
40 2600 6.0 0.3 2.5 (a) 43.8 ]
2 2600 15 13 4.8 01 5
42 2600 2.0 45 3.7 8.9
4 2600 2.5 3.5 18.5 6.3
(a) Specimen failed. All others were removals.
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Creep Data for Coated Specimens at 2600°F

5 Time Specimen Number & Percent Creep
(hr) 34 35 37 38 39 40 41 42 44
0.1 0.03 0.00 0.03 0,20 0.20 0.78 0.03 0.03 0.03
0.2 0.15 0.06 0.06 0.35 0.3 154 0.08 0.14 0.06 1
0.3 0.28 0.15 0.14 0.51 0.48 2.34 0.12 0.15 0.17
0.4 0.35 0.18 0.15 0.60 0.66 3.24 0.15 0.20 0.25
0.5 0.43 0.22 0.17 0.69 0.7 4.05 0.20 0.18 0.29
0.6 0.51 0.28 0.22 0.82 0.89 4,94 0.2 0.25 0.35
0.7 0.62 0.29 0.23 0.85 1.02 5.87 0.28 0.34 0.45
0.8 0.71 . 0.35 0.28 1.06 L1 6.78 0.32 0.35 0.51
09 0.80 0.38 0.31 1.08 1.23 7.87 0.3 0.40 0.55
1.0 0.86 0.46 0.32 115 1.39 8.65 0,37 0.45 0.58
1.5 1.9 0.71 0.46 1.75 2.12 13.3 0.54 0.74 0.89
2.0 1.69 0.95 0.62 2.3 2.79 - 0.66 0.95 1.20
2.5 2.08 1.20 0.72 2.9 3.43 - 0.78 1.10 1.46
3.0 2.43 1.42 0.80 354 3.96 - 0.95 1.34 1.72
3.5 2.76 1.65 1.03 4.15 4,59 - 1.09 1.55 1.95
4.0 3.08 1.89 1.14 4.79 5.26 - 1.23 1.77 2.24
45 3.3 2.09 1.25 5.35 5.9 - 1.35 2.00 2.18
5.0 3.70 231 1.35 5.92 6.60 - 1.46 2.17 2.66
6.0 4.28 - 1.51 6.85 8.06 - 1.69 2.50 3.02
7.0 am - 1.70 1.46 9.60 - 1.92 272 3.4
8.0 5.19 - 1.85 8.25 10.80 - 2.10 3.08 3.74
Table XXIX
Creep Data for Coated Specimens at 24000F
Time Specimen Number & Percent Creep
(hr) 24 25 2 2 28 2 K] 31 32
0.1 0.02 0.04 0.00 0.00 0.14 0.14 0.08 0.07 0.02
0.2 0.04 0.08 0.00 0.01 0.22 0.19 0.08 0.08 0.02
0.3 0.06 0.09 0.08 0.02 0.32 0.27 0.15 0.15 0.03
0.4 0.08 0.12 0.08 0.03 0.9 0.35 0.16 0.23 0.04
0.5 0.10 0.14 0.16 0.05 0.46 0.42 0.2 0.30 0.07
0.6 0.12 0.15 0.17 0.06 0.54 0.51 0.2 0.35 0.08 {
0.7 0.13 0.18 0.20 0.07 0.62 0.62 0.31 0.42 0.09 !
0.8 0.14 0.22 0.28 0.09 071 0.73 0.38 0.47 0.10
0.9 015 0.24 0.32 0.11 0.84 0.85 0.45 0.53 0.11
1.0 0.15 0.25 0.39 0.13 0.92 0.90 0.47 0.59 0.12
1.5 0.19 0.34 0.47 0.22 L2 1.32 0.70 0.92 0.18 |
| 2.0 0.28 0.40 0.55 0.3 1.3 1.76 0.95 1.24 n.23
2.5 0.36 0.46 0.76 0.46 2.10 2.24 1.19 1.60 0.29
1 3.0 0.45 0.50 1.00 0.59 2.53 2n 1.39 1.96 0.34
3.5 0.53 0.65 1.04 0.74 2.9 3.23 168 2.31 0.38
F 4.0 0.60 0.75 L15 0.90 3.4 4.15 1.85 2.66 0.43
45 0.68 0.87 1.39 1.06 3.88 4.31 2.14 3.08 0.48
f, 5.0 0.76 1.00 1.61 1.20 - 4.84 2.58 3.4 0.54
‘ " 6.0 0.84 1.28 1.86 1.46 - 5.92 3.06 4.20 0.62
7.0 0.96 1.46 2.26 1.62 - 7.08 3.56 4.9 0.68
18 8.0 - 1.09 1.64 2.59 173 - - 3.97 5.69 0.76

_—




Presented in this appendix are
of cycles for R-512E coated

0.070

0.060

0.050

0.040

0.030

Total deflection — in.

0.020

0.010

Appendix II
PANEL DEFLECTIONS VERSUS FLIGHT

the total deflection versus number
Cb-752 heat shield panels of various configurations,

0 4 8 12

Number of cycles

16

Figure 127  Spot Welded Flat Corrugation No. 2

Internal Pressure High Stress
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Total deflection — in.

0.010

0 4 8 12 16 20 24 28 32 36 40
Number of cycles

Figure 128 Spot Welded Flat Corrugation No. 7
Internal Pressure High Stress

v 0.050

/
0.040 P

) 4
/
0.030 L

0.020

\

Total deflection — in.

0.010

Note: lReverse |ciad applied on Cycle No. 7
| 1

0 4 8 12 16 2 24 28 32 k) 40
Number of cycles

Figure 129 Spot Welded Flat Corrugation No. 9
External Pressure High Stress




0.070

0.060

| | ] |
Note: Overstressed on Cycles 8, 9 and 10

0.050

0.040

0.030

/|

Total deflection - in.

0.020

0.010

£

4 8 12 16
Number of cycles

0

Figure 130 EB Welded Flat Corrugation No. 3

’

Internal Pressure High Stress

0.070

0.060

0.050

0.040

0.030

Total defiection — in.

0.020

0.010

4 8 12 16
Number of cycles

Figure 131 EB Welded Flat Corrugation No. 5
Internal Pressure High Stress
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0.070

0.060

0.050

0.040

0.030

To!~| deflection — in.

0.020

0.010

0 4 8 12 16 20
Number of cycles

Figure 132 EB Welded Flat Corrugation No. 6
. - External Pressure High Stress

0.070

0.060

0.050

0.040

0.030

Total deflection — in.

0.020

J 0.010 !

0 4 8 12 16 20

Number of cycles

Figure 133 EB Welded Flat Corrugation No. 10 ‘
Internal Pressure High Stress ;
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i
g 0.030
= (@)
k: C
= 000
2
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] 0
0 4 8 12 16 20 2 28 32 % 40
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i . .
Figure 134  Vee Corrugation No. 1
Internal Pressure High Stress
0.050
!
0.040
0,030
' 8
! S
| o
& T 0.00
é g
[ -
0.010
0 3 8 12 16 ) 24 28 32 3% 40

R

Note: Overload on cycle no. 18
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Number of cycles

Figure 135 Vee Corrugation No. 2 Internal Pressure High Stress
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0.050
0.040
2
10030
5 0.020 S,
S
0.010
0
0 4 8 12 16 20 2 28 3 3% 40
Number of cycles
Figure 136 Vee Corrugation No. 3 Internal Pressure Low Stress
0.050
e
£ 0040 /
: el
£ 0.0% 57
2
3 0.020
(=
0.010
q
0 NoteI: Furnace lfailure on Cycle no.lls
0 4 8 12 16 20 24 28 3 3% 40

Number of cycles

Figure 137 Vee Corrugation No. 5 Internal Pressure High Stress
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Total deflection = inches

0.070

0.060

0.05y

0.040

0.030

0.020

0.010

Total defiection — inches

Note: Furnace fail

ure on Cycle no. 9
1 L

Total deflection — inches

Number of cycles
Figure 138 Vee Corrugation No. 7
External Pressure High Stress

0.050

0.040

0.030

0.020

0.010

0.070

0.060

0.050

0.040

0.030

0.020

0.010

_.ﬂ

Note: Furnace failure on Cycle No. 11
2 1 ]

Number of cycles

Figure 139 Vee Corrugation No. 9
External Pressure High Stress

ile.

Number of cycles

Figure 140 Vee Corrugation No. 13 External Pressure High Stress
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0 4 8 12 16 20 2 28 32 3% 40
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Figure 141 Zee Stringer No. 1 Internal Pressure High Stress
' 0.060
0.050 |
'
l £ 0.040 e
¥ =
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| £ 0030
2 5
2 0] i
0.010
%
j 0
@ 0 4 8 12 16 20 24
é Number of cycles
E | Figure 142 Zee Stringer No. 2 Internal Pressure High Stress
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0.070

0.060

0.050

0.040

0.030

Totat deftection ~ inches

0.020

0.010

0 4 8 12 16 20
Number of cycles

Figure 143  Zee Stringer No. 4 Internal Pressure High Stress

0.060

0.050

(=4
o
s
(=

0.030

Total deflection — inc_hes

o
o
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o
-

0.010f

0 ] 8 12 16 20 L} 28
Number of cycles

Figure 144 Zee Stringer No. 3 External Pressure High Stress
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Total deflection — inches

Total deflection — inches

0.050

0.040

0.030

0.020

0.010

Number of cycles

Figure 145 Rib Stiffened No. 1 Internal Pressure High Stress
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=
8

E

0.010}

Figure 146 Rib Stiffened No. 2 Internal Pressure High Stress
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1‘ 0.050 r
! 8 Cycles |
0.040 .[
P _
£
1 0,030
&
8
& 0.020p- |
5 J ;
= i
0.010 {
G 1
i |
0 1 RN BEN o s S S jEEST !
Number of cycles l
Figure 147 Rib Stiffened No. 3 Internal Pressure High Stress
1
' |
0.050 |
0.040 = -
£ - 61 Cycles0.040 In. 3
0030 = deflection i
5 - }
g 1000 cycles =
2 0.062inch —
S 002 .
§ deflection
[
0.010
0
0 4 8 12 16 2 4 28 2 % 40 4
Number of cycles
Figure 148 Rib Stiffened No. 4 External Pressure High Stress
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0.070
Note: Oxidation failure on Cycle No. 2
0,060 Loss of structural integrity on Cycie No. 26
| Condition of skin prevented deflection
| readings after Cycle No. 7
| 0.050
1
., 0.000
| L0030
» S 0020
} =
(=
. 0.010
‘ 0
0 4 8 12 16 20
! Number of cycles

Figure 149 Riveted Flat Channel No. 8 External Pressure High Stress

0.040

0.030 54 cycles *

0.020§ O

0.010

Total deflection — inches

-0.010. - ala - S !
0 4 8 12 16 24 20 28 32 36 40 44

Number of cycles

Figure 150 Riveted Channel No. 10 Internal Pressure High Stress
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Total detlection — inches

0 040
0.030
51 cycles
0020
oQ°
oC el
0010
0 IXICﬂ
0 4 8 12 16 20 24 28 32 36 40

Figure 151 Riveted Channel No. 2 Exteral Pressure High Stress
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0.200

0.160

0.120

Total deflection - inches

0.080
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Number of cycles

Note: Tested with 26009F peak temperature.
»
0 8 12 16 20

Number of cycles

Figure 152 Spot Welded Flat Corrugation No. 3
Internal Pressure High Stress
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0.220
0.200
0.180
0.160
0.140 Y
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0.100
0.080
0.060
0.40
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Total deflection — inches

Note: Tested \lvith 2600°f peak temperature

0 4 8 12 16 20
Number of cycles

Figure 153 Spot Welded Flat Corrugation No. 5
Internal Pressure High Stress
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C.180

0.160

0.140
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0.100

0.080 {
[ ”
0.060

Total deflection — in.

0.040
0.020
0.000
0 4 8 12
‘ Number of cycles
Note: Tested with 2600°F peak temperature i

Figure 154 Spot Welded Channel No. 6
Internal Pressure High Stress
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Appendix III

NDT DATA - COATING THICKNESS

Presented in this appendix are the NDT coating thickness determinations

made on R-512E coated Cb~752 baseline and heat shield specimens with the
Dermitron and thermo-electric devices.

Table XXX Coating Thickness Distribution of Oxidation Test Specimens

Specimen Thermoelectric Coating Thickness (mils)
| Number Surface Top Edge Bottom Edge Side Edges
l 34 0.9 33 14
2 3.2 1.4 5 1.5
3 3.3 1.0 43 1.9
4 3.2 1.0 38 1.6
; 5 3.2 1.3 34 1.3
; 6 3.2 1.0 34 19
] 3l 0.6 5+ 1.4
8 3.3 0.6 3.8 1.2
9 3.3 1.0 15 1.5
10 3.2 0.6 3.9 1.1
11 3.2 1.0 34 1.5
12 3.2 1.3 35 1.2
13 3.2 1.3 34 1.6
14 33 1.0 3.5 14
15 34 1.0 3.5 1.4
16 3.3 1.3 34 1.3
17 3.2 1.0 34 16
19 3.2 0.6 33 1.2
19 3.2 1.0 47 1.4
29 3.2 1.0 38 1.4
22 33 1.0 3.5 19
2 3.3 1.3 34 1.5
24 3.0 1.3 33 1.0
25 3.3 1.0 35 1.0
27 3.2 1.3 3.3 1.3
28 33 1.0 3.5 2.0
9 3.2 1.3 3.3 1.6
E 30 3.3 1.0 34 1.6
31 3.4 1.3 43 1.5
| 32 3.4 0.6 34 1.0
33 3.4 1.3 34 1.2
' 24 3.3 1.0 34 1.6
] 35 3.4 1.3 43 1.3
_ 1 34 1.3 39 1.6
37 33 1.6 3.6 1.7
8 3.4 1.3 3.8 17
19 3.2 1.0 34 1.2
40 3.3 1.0 3.5 1.1
176
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Table XXXI
Temperature (26000F) - Pressure Profile Tests

FRONT

(v )

—— |

-

-]

SPECIMEN NO. 28

NDT Coating Thickness Measurements

BACK
I
.E
S5—m1 F

— f H,J

INTERNAL PRESSURE PROFILE

Cycles

Demitron

Themoelectric

A B C

b E F &G H

1 2 3 4 5 6

7 8

240 230 3.10
240 295 3.00
225 295 360
225 290 350
2.25 290 3.00
225 285 295
L0 270 295
220 275 3.15
205 290 3.00

BEBEIBES o

325 245 275 295 3%
30 230 265 290 3.2
340 23 265 280 3D
330 230 255 265 3.15
310 260 270 290 3.3
315 250 275 295 3.5
310 270 280 32 3.4
310 2456 280 295 325
310 210 2% 275 3.05

26 24 2¢ 19 131

3 10 32

SPECIMEN NO. 19

EXTERNAL PRESSURE PROFILE

Dermitron

Thermoelectric

Cycles

Db E F G H

1 2 3 4 5

6 7 8

0 205 250 2%
230 3% 3715
270 350 3.75
270 3.5 370
290 385 4.10
270 335 4.10
275 450 3.80
300 385 4.10
340 390 410
325 390 395

SESEVBTS o

295 245 250 270 290
380 265 355 370 3.60
370 290 350 375 375
380 275 3.4 365 370
4.25 335 380 400 415
415 310 400 415 440
405 300 370 385 390
410 3.00 380 385 4.00
405 3.10 405 43 4.3
415 326 390 400 405

19 16 19 13 13 13 10 44
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Table XXXHI NDT Coating Thickness Measurements

24000F
) High Stress Profile
FRONT BACK

A F
® ®
B G
® @
C

[ ) o
D

® [
E K

SPECIWMEN NO. 22
INTERNAL PRESSURE

Demition
A B C D E F G H J K
0 2.60 265 290 290 295 260 265 255 245 250
10 260 260 25 250 255 245 255 250 250 245
25 300 320 300 290 290 295 3.05 3.05 305 270
3 295 255 280 260 275 295 255 2.50 265 280
3 3.15 3.00 290 305 305 295 33 32 32 290
46 295 255 245 250 265 270 255 255 2.55 2.70
53 255 22 225 215 265 255 215 205 225 2.3
60 250 215 210 215 270 25 225 210 220 250

Cycles

SPECIMEN NO. 26
EXTERNAL PRESSURE

Cycles Dermitron
y A B C D E F G H J K
0 305 290 280 275 265 265 270 270 270 265
7 295 265 260 270 280 290 265 255 260 270
: 14 260 255 245 245 255 250 250 245 2.45 250
g 5 280 260 255 255 260 275 255 250 255 260
3] 2.75 265 255 255 260 2.60 255 255 255 2.65
4] 280 265 255 260 265 265 255 2.55 260 270
, 53 275 275 260 255 260 265 275 260 270 265
]
P
L 3
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Table XXXIV Thermoelectric NDT Coating Thickness Measurement Locations
Flat Corrugation Heat Shield Specimens

! 2 3 { 3
| I l ]
15 s $80% .9 se |
54
’ § S50 g
14 8
52 § s sl 13
13 12 1 10 g
Skin side
Y T 119 zlo 2i
3— AL B ol Dl gl — 22
T v
LA B o D g
37— | A3 B3 .C3 D3 B3y —23
[ m Bt b 4 LE4|
B— UM B 05 D5 E5 — 2
| A6 B6 6 D6 .EG|
/=] | A7 B .7 .07 .Eﬂ, 25
M B8 8 D8 B
U LA B o m B —
| A0 B0 .CI0 .00 .EI0
33— LAll .Bll .cll D1l El 27

Stretched—out stiffener side
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Table XXXIV (Continted)
Thermoelectric NDT Coating Thickness Measurements
Flat Corrugation Heat Shield Specimens

Before Testing

SKIN
Specimen Locations Av. Coating
No. Sl §2 S3 S4 §5 S6 §7 S8 S9 SI0 SI1 S§12 SI3| Thickess
3 27 29 33 29 28 28 33 33 30 33 32 28 LO 3.0
5 30 31 31 30 29 3.2 33 31 30 32 32 31 3.2 3.1
10 3.0 3.2 32 30 28 3.0 31 31 27 31 26 3.0 3.2 34
EDGES (SKIN)

Specimen Locations Av. Coating
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16] Thickness
3 32 33 35 33 29 33 32 31 33 3.0 33 33 3.2 3.4 3.2 34 3.2
5 29 32 27 32 29 36 3.0 3.7 33 33 34 31 3.2 30 3.3 3.1 3.2
10 28 31 32 32 33 33 32 35 37 35 35 33 3228 29 28 3.2

EDGES (STIFFENERS)

Specimen Locations Av. Coatimg
No. 17 18 19 20 2i 22 23 24 25 26 27 28 29 30 31 32 33 34 35 3% 3/ 3| Thickness
3 14 24 1.8 18 20 3.2 31 3.4 33 32 33 32 33 31 28 28 2.1 20 23 24 20 21 26
5 20 21 24 18 26 37 27 21 30 33 3.7 24 27 27 21 26 21 20 26 21 2.1 1.8 2.5
10 27 31 31 31 33 37 36 36 3.7 35 33 26 27 24 23 23 27 26 2.1 21 30 33 29

STIFFENERS

Column/ . STIFFENERS
Specimen Cosalian Specimen Av. Coating
No. 1 2 3 4 5 6 7 8 9 10 U No. Thickness
A3 2.8 30 33 33 32 27 30 29 33 3.2 26 3 2.8
B3 30 31 27 32 27 29 28 3.1 29 30 27 4 3.0
C3 33 33 29 31 28 28 26 3.2 3.2 37 37 5 3.1
D3 32 32 31 37 27 27 30 30 32 33 28

E3 32 32 33 32 27 21 24 28 33 33 29

A5 32 30 32 30 27 27 32 29 33 32 27

BS 34 30 31 29 28 3.2 31 28 34 31 26

€5 32 28 29 28 30 30 28 27 32 29 30

D5 31 31 32 28 28 3.0 29 27 30 3.1 24

E5 3.2 29 32 31 30 3.0 26 28 29 3.2 23

Al0 31 30 3.0 32 31 28 29 32 3.2 32 28

B10 33 33 32 32 32 27 26 3.2 32 21 2]

Cl0 32 36 33 30 33 27 27 3.0 33 3.2 32

D10 31 31 32 31 33 29 21 3.2 29 24 29

El0 31 33 31 32 31 28 24 33 27 35 26
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Table XXXV
Themoelectric NDT Coating Thickness Measurement Locations
“ZEE" Stringer Heat Shield Specimens

I 2 3 4 )
I
16-1.51 .s4 57 S10 SI13|-6
5.2 S5 S8 Sl4 Sl
144.83 86 .89 .S12 .S58

B T

3 12 1 10 9
Skin side

Al Bl .Gl DI .EI
V-{.A2 B2 2 D2 E2}23
A3 B3 .C3 D3 .3 !
1 T ¥ k
89 A A 2 |

A4 B4 C4 DA E4

A6 .86 .6 D6 LE6
5 % U B B

A7 BT .CT DT .ET
A8 B8 .C8 .D8 .EB
A9 B9 .C$ D9 LES
Strectched~out stiffener side
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Table XXXV (Continued)

Thermoelectric NDT Coating Thickness Measurements
““Zee’’ Stringer Heat Shield Specimens

Before Testing

SKIN

Specimen Locations Av, Coating
No. Sl §2 S3 S4 S5 S6 S7 S8 S9 SI0 S Si2 SI13 S14 15| Thickness
4 27 31 26 28 28 29 27 29 31 26 25 27 29 28 30 2.8
5 28 3.0 27 3.0 28 26 30 28 29 26 26 25 2.7 27 30 2.8
6 29 2928 31 3.0 26 29 27 27 25 26 23 25 24 26 ol

EDGES (SKIN)

Specimen Locations Av. Coating
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16| Thickness
4 24 22 27 25 26 33 3.2 32 29 3.2 3.0 2.8 2.7 24 25 27 2.8
5 27 28 3.1 27 33 3.0 33 3.3 34 3.0 28 28 27 27 2.4 26 2.9
6 28 26 27 28 25 32 3.2 33 31 28 30 29 2.8 2.4 2.8 29 2.9

EDGES (STIFFENERS)

Specimen Locations Av. Coating
No. 17 18 19 20 21 22 23 24 25 26 21 28 29 30| Thickness
4 20 24 20 18 18 21 32 21 23 20 21 2.0 1.8 3.2 2.3
5 1.8 26 23 20 20 28 28 20 19 2.0 20 2.1 18 29 2.1
6 23 24 20 18 16 1.8 3.0 21 23 21 16 2.0 1.8 27 2.1

STIFFENERS

Column/ . STIFFENERS

Specimen lioeations Specimen | Av. Coating
No. 1 2 3 4 5 6 7 8 9 No. Thickness
A4 26 2.8 2.4 25 29 31 25 20 27 4 2.5
B4 27 26 26 24 24 28 24 22 26 5 2.5
¢4 [i2s 2.7 27 2.3 272 24 20 2.2.25 6 2.7
D4 26 29 29 26 22 26 23 23 16
E4 26 28 29 24 2.1 28 23 21 23
A5 2681 a6 22 25 T 30N 230 2%

B5 24 26 2.7 23 24 27 24 31 21

C5 25 25 28 2.2 ¥Rl 28 WK 24

D5 25 26 26 22 23 29 28 24 2.3

E5 26 27 30 31 2.4 3.0 28 27 24

A6 26 32 30 27 2.1 30 24 21 27

B6 207 3.1 &l 2 253 B0 7 R 28

c6 |27 3.0 30 26 21 26 26 23 3.l

D6 |26 29 2.9 26 2.0 2.7 2.4 21 3.2

E6 |28 28 28 27 23 28 24 24 30
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Table XXXVI
Thermoelectric NDT Coating Thickness Measurement Locations
Rib Stiffened Heat Shield Specimens

16—.51 .54 87 .S10 .SI3-6
1552 .85 .88 .S11 .Siak7
14.83 .86 .89 .512 .SI5p-8
13 llZ lTI 1[0

Skin side

<O —4

Al Bl .C1 D1 .El
A2 B2 .C2 .02 .E2

A3 B3 €3 .D3 B3
A4 B4 C4 D4 E4
A BS G5 DSBS

B —
sy
=1

n % 0 B8

A6 B6E .C6 .D6 .EB
AT BT CT .D] .EI
Stretched=out stiffener side
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Table XXXVI (Continued)

Thermoelectric NDT Coating Thickness Measurements
Rib Stiffened Heat Shield Specimens

Before Testing

SKIN

Specimen Locations Av. Coating
No. SI §2 S3 S4 S5 S § S8 §9 S0 S11 S12 SI13 S14 SI5] Thickness
1 32 3.0 26 3.0 32 28 33 30 32 31 3.0 2.8 34 32 32 31
2 32 .29 31 30 29 27 30 28 26 26 27 26 3.4 32 30 2.9
3 3229 31 31 29 3.0 32 30 28 33 31 30 37 34 38 3:l

EDGES (SKIN)

Specimen Locations Av. Coating
No. 1 2 3 4 5 € 7 8 9 10 11 12 13 14 15 16| Thickness
1 23 2.1 26 27 3.0 43 38 40 31 27 25 24 23 22 26 23 2.8
2 21 20 24 23 26 3.7 43 34 29 27 27 31 23 24 24 16 2.6
3 21 18 20 1.8 24 40 39 40 27 20 23 18 20 18 2.1 20 2.4

EDGES (STIFFENERS)

Specimen Locations Av. Coating
No. 17 18 19 20 21 22 23 24 25 26 21 28 29 30| Thickness
1 20 23 26 27 26 2.4 34 22 21 23 20 2.1 26 36 2.5
2 19 23 21 18 20 2! 36 20 256 08 20 25 21 37 2.3
3 19 23 22 2.1 23 18 37 L7 28 26 25 26 24 43 2.5

STIFFENERS
STIFFENERS

Column/ locations Specimen | Av. Coating

Specimen No. Thickness
No. 1 2 3 4 5 6 7 1 7]
Al 32 3.0 29 31 31 27 30 2 2.9
Bl 28 32 33 30 29 28 3l 3 3.0
Cl 33 30 31 33 33 31 32
D1 32 30 28 32 29 3.0 28
El 35 31 27 31 3.0 3.0 31
A2 27 2.7 30 27 28 29 31
B2 29 27 31 29 29 33 30
2 26 31 32 29 26 30 3.2
D2 27 31 31 32 26 32 29
E2 2.7 29 27 28 27 28 3.2
A3 28 27 33 31 31 27 32
B3 27 30 32 28 30 33 33
c3 27 32 33 29 33 30 32
D3 28 29 27 28 29 3.2 30
E3 29 26 28 30 28 32 27
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Table XXXVII

Thermoelectric NDT Coating Thickness Measurement Locaticns

“VEE" Corrugation Heat Shield Specimens

N R
16— sl oSt o5 o510 13 p—5
15 et *S2 *$5 oS8 oSl oS4 —7
14 et oS3 *S6 oS9 v eS15 p— 8
l I | l I
13 12 11 10 9
Skin side
18 1|E Ell 2
v zs'M E.Hl T,,m Ol Ll o
e 2 - 2—-# zal E—O——I
2‘__- 'AE -EI -Ez -DE -EE _30
32 13 KL} % 36
— -2 . . au—
3 A3 B3 3 D3 JE3 -
==y B 40 4l £ X
— Al BY 04 D4 oE4 —44
45 46 N 8 4

Stretched=out stiffener side
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Table XXXVIi (Continued)

Thermoelectric NDT Coating Thickness Measurements
Riveted Channel Heat Shield Specimens

Before Testing

187

SKIN
] Specimen Locations Av. Coating
| No. S1 §2 S3 sS4 S5 S6 §7 S8 S9 S0 S1I s12 S13 Sl4 S15 Si6 S17 | Thickness
: 8 27 31 26 32 27 28 26 390 32 28 31 32 31 34 31 32 26 3.0
| 10 27 3.2 25 38 30 29 28 30 38 27 27 26 26 36 29 33 26 3.0
| 11 29 33 27 3.1 28 29 26 29 36 29 31 29 28 31 26 28 26 2.9
EDGES (SKIN)
Specimen Locations Av. Coating
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 | Thickness
8 26 24 27 26 33 34 32 32 2836 34 34 33 3.0 20 23 20 2.0 2.8
10 28 27 30 28 3.0 32 33 32 3227 26 26 2.7 28 23 27 26 2.3 2.8
] 11 28 3.0 30 28 3.0 31 3.4 33 3227 24 23 23 24 20 24 26 18 2.7
EDGES (STIFFENERS)
Specimen Locations Av. Coating
1 No. 19 20 21 22 23 24 25 26 27 28 29 30 31 32| Thickness
1 8 24 2.1 26 24 23 2.0 24 23 27 28 26 27 24 26 2.5
£ 10 24 26 24 23 24 24 33 25 22 21 26 23 25 3.2 2.5
| 11 27 26 21 26 28 24 31 25 23 2.1 2.1 20 2.4 33 2.5
‘ EDGES (STIFFENERS)
Specimen Locations Av. Coating
No. Bl B2 B3 BA BS B6 B/ B8 BI BIO BI1l BI2 B13 BI4 Bl15 BI6 Bl17| Thickness
8 3.2 30 32 37 33 30 35 33 32 37 35 3.7 31 36 34 34
10 31 31 30 39 30 33 31 31 38 32 32 33 32 37 32 29 33 3.3
11 31 30 30 37 32 32 3.1 32 40 27 3.3 3.1 28 37 3.1 32 29 3.2



Table XXXVIHI (Continued)
Thermoelectric NDT Coating Thickness Measurements
“Vee'" Corrugation Heat Shield Specimens

Before Testing

SKIN

Specimen Locations’ Av. Coating

No. SI S2 §3 S4 S5 S6 ST S8 S9 S10 s1i si2 S13 Si4 S15] Thickness

5 27 33 31 27 3.2 3.0 31 3.2 32 33 34 30 3.2 33 3.2 3.1

7 30 33 31 33 32 33 32 36 34 32 37 33 35 37 36 34

9 28 30 30 30 32 30 3.0 31 32 30 32 28 28 33 3.0 3.0
EDGES (SKIN)

Specimen Locations Av. Coating
No. 1 2 3 4 5 6 7 8 9 10 U 12 13 14 15 16] Thickness
5 28 3.0 3.1 32 30 30 3.2 3.0 28 3.2 31 29 27 29 2.7 3.0 3.0
7 27 28 28 27 31 3.0 3.2 3.0 28 27 27 26 26 23 27 2.6 2.8
9 3.0 3.2 3.1 30 30 37 37 33 30 3.1 28 2.7 26 2.6 24 2.6 3.0

EDGES (STIFFENERS)
T ———

Specimen Locations '
No. 17 18 15 20 21 22 23 24 25 26 27 28 29 30 31 32 33 4
5 2.7 31 31 32 34 34 37 21 3.0 30 28 32 3.0 37 23 29 30 3.1
i 24 34 26 27 24 26 40 23 28 29 23 29 28 43 2.0 29 3.0 30
9 31 26 26 28 27 28 28 18 26 3.0 28 2.8 3.2 28 18 2.8 28 3.0

EDGES(S_TI_F.F_EﬁRS)

Specimen Locations. - Av. Coating
No. 35 3% 37 38 39 40 4 &2 83 U LS 4 47 48 49| Thickness
5 30 29 32 26 33 32 32 29 28 33 33 32 3.2 31 32 3.1
7 33 31 43 24 28 3.0 29 31 27 37 27 28 27 23 24 2.9
9 3.2 33 27 30 30 3.1 30 28 29 27 26 26 28 29 28 2.1
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Thermoelectric NDT Coating Thickness Measurements
“VEE" Corrugation Heat Shield Specimens

STIFFENERS
Specimen Thermo
No. 1 2 3 (4

A 5 30 33 31| 27
B 3 27 | 36| 34| 30
C 5 35 ] 36 | 34| 35
D 5§ 30 1 33133 ] 30
E § 3713231131
AT 28 130 | 31 ] 33
B 7 30 | 33| 33 | 33
c 7 33| 34 | 33| 28
D 7 30 | 36 } 31 | 33
E 7 26 | 33| 32| 30
A9 30 | 28| 29 | 28
B 9 30 | 31| 29 | 28
c 9 32 ] 29 |30 |29
D 9 32| 30| 28 |31
E 9 301 301 27 |30

18—

|V

16

R

Uncycled
STIFFENERS
Specimen | AV Coating
No. Thickness
5 3.2
1 3.2
9 3.0

Table XXXVII
Thermoelectric NDT Coating Thickness Measurement Locations

Riveted Channel Heat Shield Specimens

2 3 4 5 6
| | | | |
sl $5 8 sl S15
@ 56 @ 12 (114 (sls
53 s sl s $17
| | | | l
15 4 13 12 1l
Skin side
2 2 2 x| 2
B8l B85 .88 .BIl  .BIS
2E) . 812(BJ4 Bls
B3 B B.I0 B3 B
2 28 ) 30 3

Stiffener side
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